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ABSTRACT 
The objective of this thesis was to determine if four tools were able to quantify 
differences in lameness phases in multiparous sows. The tools evaluated in this study 
included thermal and mechanical nociceptive threshold tests, an embedded force plate 
and a GAITFour gait analysis walkway system. Observed results from these studies 
indicate that all four tools were able to quantify differences between sound and most lame 
phases in multiparous sows. In conclusion, this research provides additional tools that can 
be used to detect varying lameness states in multiparous sows.    
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CHAPTER 1: GENERAL INTRODUCTION 
Lameness has been defined by Merriam-Webster (2013) as “having a body part 
and especially a limb so disabled as to impair freedom of movement.” Locomotor 
disorders can be associated with neurological disorders, lesions of the hoof or limb, 
mechanical-structural problems, traumas, or metabolic and infectious diseases (Smith, 
1988; Wells, 1984). The United States Department of Agriculture (USDA) reported that 
lameness was the third reason producers cull gilts and sows from the breeding herd 
(15.2%), third only to old age (36.6%) and reproductive failure (26.3%; USDA, 2007). 
With ~15% of pigs being removed from the breeding herd, this in turn  affects the 
economical return to the industry (Stalder et al., 2004), worker morale (Deen and Xue, 
1999) and the individual pigs well-being (Anil et al., 2009). Previous tools to qualify and 
quantify the degree of lameness have included numerical rating- and visual analog 
scoring tools. However, both of these tools have been reported to be highly subjective 
with varying degrees of inter- and intra- observer correlation (Main et al., 2000; 
O’Callaghan et al., 2003; D’Eath, 2012). Kinematics tools have shown promise in 
lameness detection (Karriker et al., 2013; Pastell et al., 2008; Sun et al., 2011) with their 
ability to detect differences in gait characteristics and weight distribution. 
Pain sensitivity has also been the focus of numerous studies. It is unclear which 
types of lameness result in acute or chronic pain, but it is recognized that the duration and 
intensity of pain is an individual experience. Pain assessment is subjective in nature and 
pain recognition in animals is further complicated by the inability of animals to directly 
self-report their pain using a common language (Anil et al., 2002). Tools that have been 
used to detect farm animal sensitivity to pain include nociceptive threshold tests, which 
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use pressure or thermal stimulation onto the affect area (Dyer et al., 2007; Haussler and 
Erb, 2006; Tapper et al., 2013). These tests rely on a withdrawal response to quantify 
aversion to mechanical and thermal stimulation.  
The research contained within this thesis evaluates two mechanical nociception 
tests to determine their objectivity for pain sensitivity in multiparous sows when in stages 
of sound and lame phases using a chemical synovitis model. In addition, two kinematic 
tools were assessed to determine their objectivity in multiparous sows when in stages 
sound and lame phases using a chemical synovitis model. 
Thesis Organization 
This thesis is organized into 5 chapters. The first chapter is a general introduction 
to lameness and pain, and details tools that have been used to determine lameness 
severity and pain sensitivity. The second chapter is a literature review on lameness, pain, 
subjective and objective tools used to determine lameness and pain and a comprehensive 
review of a chemical synovitis model. The third and fourth chapters pertain to the 
research completed on mechanical and thermal nociceptive threshold tests (Chapter 3) 
and kinematic tools, the GAITFour gait analysis walkway system and embedded force 
plate (Chapter 4) for multiparous sows when in lame and sound phases respectively. The 
final chapter (Chapter 5) is a summary of the research results and a general discussion of 
how these results apply to lameness and pain detection on farm.   
Expected Outcomes 
To date, one Animal Industry Report (C. Mohling, M. Pairis-Garcia, A. Johnson, 
K. Stalder, L. Karriker, J. Coetzee, S. Millman. 2013. Blood Cortisol as an Objective 
Tool to Measure Painful and Non-painful Hoof Lameness States in Multiparous Sows, 
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AS-leafleft-R2809 Department of Animal Science, Iowa State University, 
http://www.ans.iastate.edu/report/air/ 2013pdf/R2809.pdf), and one National Hog Farmer 
Research Report (C. Mohling, M. Pairis-Garcia, A. Johnson, K. Stalder, L. Karriker, J. 
Coetzee, S. Millman. 2012. Blood Cortisol Levels Higher in Lame Sows, 
http://nationalhogfarmer.com/animal-well-being/blood-cortisol-levels-higher-lame-sows) 
have been published. Two peer reviewed abstracts were presented at the National 2013 
American Society of Animal Science Meetings (Mohling, C., A. Johnson, C. Abell, J. 
Coetzee, S. Millman, L. Karriker, K. Stalder. 2013. Embedded micro-computer based 
force plate as an objective tool to measure painful and non-painful hoof lameness states 
in multiparous sows. J. Anim. Sci. Vol. 91, E-Suppl. 2. Mohling, C., A. Johnson, K. 
Stalder, C. Abell, J. Coetzee, S. Millman, L. Karriker. Gait analysis as an objective tool 
to measure painful and non-painful hoof lameness in multiparous sows. J. Anim. Sci. 
Vol. 91, E-Suppl. 2). One research poster has also been presented at the Iowa State 
University College of Veterinary Medicine Faculty Research Symposium and Poster 
Session (C. Mohling, A. K. Johnson, K. J. Stalder, L. A. Karriker, J. Coetzee, S. M. 
Millman. 2012. Use of thermal and pressure nociception as objective tools to measure 
painful and non-painful lameness states in multiparous sows. Poster).  
Two Research Reports have been submitted to National Hog Farmer (October 
2013) for possible publication in their Research edition due out December 2013 
(Mohling, C., A. Johnson, K. Stalder, C. Abell, L. Karriker, J. Coetzee, S. Millman. Use 
of gait analysis and the embedded micro-computer base force plate as objective tools to 
measure sound and lame phases in multiparous sows;  Mohling, C., A. Johnson, C. Abell, 
K. Stalder, L. Karriker, J. Coetzee, S. Millman. Use of thermal and mechanical 
4 
 
 
nociception threshold as objective tools to measure sound and lame phases in multiparous 
sows). Furthermore, three Animal Industry Reports (Embedded microcomputer base 
force plate as an objective tool to measure hoof lameness states in multiparous sows, Gait 
analysis as an objective tool to measure hoof lameness states in multiparous sows and 
Thermal and mechanical nociception threshold tests as objective tools to measure 
lameness states in multiparous sows; Mohling, C., A. Johnson, K. Stalder, C. Abell, L. 
Karriker, J. Coetzee, S. Millman.) will be submitted in November 2013 for publication 
consideration. One Iowa State University MS thesis will be the final outcome of these 
bodies of work. Finally, two peer reviewed manuscripts from this thesis will be submitted 
to the following journals. The first manuscript will be submitted to the Journal of Animal 
Science, titled “Mechanical and thermal nociception as objective tools to measure painful 
and non-painful lameness states in multiparous sows” (Mohling, C., A. Johnson, J. 
Coetzee, L. Karriker, K. Stalder, C. Abell, H. Tyler and S. Millman). The second 
manuscript will be submitted to Livestock Science is titled “Kinematics as objective tools 
to measure painful and non-painful lameness states in multiparous sows” (Mohling, C., 
A. Johnson, J. Coetzee, L. Karriker, C. Abell, S. Millman and K. Stalder). 
Practical Implications 
The results from this research are expected to aid the United States (U.S.) swine 
industry in identifying objective assessment tools that can be used on farm to detect 
varying stages of lameness in multiparous sows.  
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CHAPTER 2: LITERATURE REVIEW 
Introduction 
In production animal agriculture, specifically swine, lameness can have a 
substantial effect on animal well-being. Lameness in swine can result in economic losses, 
frustration for the producer, reduced worker morale and compromise swine well-being. 
Therefore, the objective assessment of swine lameness is crucial for the development of 
analgesic drug regimens and management strategies. 
The objectives of this literature review are to provide an overview of published 
research regarding lameness, with a primary focus on the sow, causes and effects of 
lameness, and mechanisms related to lameness pain. This review also aims to provide a 
background of current lameness assessment tools and introduce innovative devices used 
to objectively measure pain and lameness in sows. 
  
Hoof abnormalities 
Lameness has been defined by Merriam-Webster (2013) as “having a body part 
and especially a limb so disabled as to impair freedom of movement.” Locomotor 
disorders can be associated with neurological disorders, lesions of the hoof or limb, 
mechanical-structural problems, traumas, or metabolic and infectious diseases (Smith, 
1988; Wells, 1984). A study by Gjein and Larssen (1995) characterized hoof and claw 
abnormalities of 36 Norwegian sow herds housed in  loose and confined systems. They 
observed that more than 96% of slaughtered loose sows on partly slatted floors and 80% 
of slaughtered confined sows had at least one lesion on the lateral hind claw. On the hind 
hooves, the prevalence of lesions on the lateral claws was 3 times higher than the 
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prevalence on the medial claws (P < 0.001). The two most common types of lesions 
found were side wall cracks and heel lesions. Side wall cracks were found in 
approximately 50% of loose-housed sows and in about a third of the confined sows at the 
clinical observations. Heel lesions were found in 50-66% of loose-housed sows, while 
confined herds showed a prevalence of 30-40%.  
 The correct balance between non-slip and non-abrasive characteristics is 
important for concrete flooring. With too slippery concrete sows can have reduced 
traction causing swollen tendons, whereas when the concrete is too rough, sows can show 
abrasions over the pressure points including the hocks, fetlocks and over the spine of the 
scapula (MAFF, 1981). Slatted or perforated floors also have the potential for injuries 
including abrasions and swelling around the coronary band and accessory digits (MAFF, 
1981).  
The majority of sows in the U.S. are housed on partially slatted or completely 
slatted concrete floors (USDA, 2007).  Ehlorsson and colleagues (2002) investigated the 
associations between individual foot lesions and 3 common housing systems in Sweden: 
straw bedding, solid concrete floor and partly slatted floor. Sows were kept in these 
systems during the breeding and gestation periods. Partially slatted floors showed severe 
cracks, affecting 50% of sows in one herd and the highest frequency of severe heel 
injuries (23% of sows) compared to solid concrete floors (7%) and straw-bedded housing 
(4%). The number of heel injuries increased with sow age for the partly slatted flooring, 
and in overgrown claws for the straw-bedded system.  
 Knauer and colleagues (2007) assessed the physical and reproductive conditions 
of 3158 cull sows in two U.S. Midwestern harvest plants. Among the traits evaluated 
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were body condition and feet condition. The most common foot lesions were rear 
(67.5%) and front (32.9%) heel lesions. They found that the frequency of rear and front 
heel lesions was lower in sows with a body condition score (BCS) of 1 compared to BCS 
scores of 2, 3, and 4 (P < 0.05). The authors hypothesized that sow weight generally 
increases while body condition score increased, potentially increasing the pressure placed 
on the rear heel. Conversely, their research observed that increased rear and front cracked 
hooves were associated with a decreasing BCS. This study suggested the explanation for 
this as a possible dietary deficiency of biotin if decreased body condition is a result of 
reduced feed intake or feed restriction.  
Biotin is an essential water-soluble vitamin; it is a cofactor in a number of enzyme 
systems responsible for carboxylation and transcarboxylation reactions (Kornegay, 1986). 
Common feedstuffs contain enough biotin to meet the requirement of the growing pig, 
but the bioavailability is poor in small grains (Reese and Myers Hill, 2006). Due to the 
inconsistency among previous studies, and the wide range of biotin supplementation, it is 
difficult to recommend a specific biotin requirement for sows (NRC, 1988). However a 
marginal biotin deficiency may occur in sows fed small-grain diets, in breeding herds 
housed individually in stalls or penned on slotted flooring reducing the opportunity for 
coprophagy, or when sows have no access to green forage (NRC, 1988). 
Several studies assessing changes in hoof abnormalities while supplementing 
biotin have been conducted, all with varying results. Greer and colleagues (1991) studied 
the effect of supplementing 500 µg of dietary biotin over a 15-month period to sows and 
gilts on reproductive performance, body condition and foot health. Their research 
concluded that after 12 months, the biotin supplement reduced the proportion of sows 
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with foot lesions from 55% to 42% (P < 0.05). Conversely, a study by Watkins and 
others (1991) evaluated the effect of dietary biotin supplementation (440 µg/kg) on 90 
sows and gilts. Biotin supplementation had no effect on foot lesion score or structural 
soundness score (P > 0.10) compared to sows that did not receive the supplement.  
However, all of the aforementioned studies are focused on abnormalities to the 
foot that can result in lesions and cracks. The relationship between the severity and 
number of lesions and cracks to the foot and the resultant lameness remains unclear.  
 
Lameness impacts 
Lameness in swine, poultry, horses and cattle have a large negative economic 
impact on livestock producers (Wells, 1984). In a recent 2006 study, the USDA reported 
that lameness was the third main reason producers cull gilts and sows from the breeding 
herd (15.2%), third only to old age (36.6%) and reproductive failure (26.3%; USDA, 
2007). Poor longevity results in increased breeding herd female replacement rates, the 
need for larger replacement gilt pools, and an increased cost associated with the 
development and acclimation of replacement gilts (Stalder et al., 2004). Introducing new 
animals to a breeding herd may also increase the disease risk for that herd (Stalder et al., 
2004).  
During farrowing the behavior of lame sows while in the stall may increase the 
risk of piglet death due to crushing. Bonde and colleagues (2004) investigated limb 
disorders, injuries, body condition and lying-down behavior in 10 commercial sow herds. 
It was found that 41% of sows showed some difficulties in lying down, while 15% were 
found to be lame. Lameness was also associated with uncontrolled lying-down behavior 
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(P < 0.01), with moderate to severe lame sows (defined as stepping frequently while 
standing and attempting to relieve limb) showing an increased incidence of uncontrolled 
lying-down behavior compared with sows that were not lame. Shoulder wounds were 
observed in 12% of the sows, ranging from 3-25%; wounds on the hind feet occurred in 
22% of the sows. Thin sows were more likely to get shoulder lesions (odds ratio (OR) 
4.7, confidence interval 2.7-8.2)) and moderate to severe lame sows with thin or normal 
body type had an increased risk of shoulder wounds (OR 5.0, confidence interval 1.8-
13.8). Lameness was associated with skin lesions on the hock (P < 0.05) and hind feet (P 
< 0.01). Hoof length affected lying down behaviors with severely overgrown hooves 
more likely to show abnormal lying down behaviors (P < 0.001).  
Poor longevity not only results in replacement and development costs but high 
culling rates of younger animals prior to reaching their peak productivity can have 
negative impacts. Friendship and colleagues (1986) assessed the reasons for, the rate and 
the effect of sow culling on herd productivity for 30 swine farms over 2 years. The sow 
removal rate was high (average of 44.2%), meaning on average a sow will remain in a 
herd only slightly more than 2 years or 4 parities. The sow removal rate was negatively 
correlated with litter size; the authors concluded that the most likely explanation for this 
was that the proportion of older, more prolific sows was greatest in herds with the lowest 
levels of culling. This is in agreement with Stalder and colleagues (2002) who determined 
that a sow must remain in the breeding herd for 3 parities before reaching a positive net 
present value (when the initial investment becomes profitable).Once removed from the 
herd, lame sows can receive scrutiny at market with decreased salvage values (Anil et al., 
2009). Ritter and colleagues (2009) explain “discounts for non-ambulatory pigs vary by 
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region and by processing plant in the United States, and these discounts have been 
estimated to be as high as 30% of the total value of the pig.” 
There has also been a discussion on how much pain lameness causes (Whay et al., 
1997; Tapper et al., 2013; O’Callaghan et al., 2003).The inflammatory pain associated 
with lameness may also impact the growth of sows in the herd. Pro inflammatory 
cytokines (interleukin-1, interleukin-6 and tumor necrosis factor alpha) have been found 
to produce behavioral, neuroendocrine and metabolic effects (Johnson, 1997). Evidence 
from Johnson (1997) suggests that these cytokines modulate metabolism of 
carbohydrates, fats and proteins and may act in the brain to reduce food intake. In a study 
by Baidoo and colleagues (1992), researchers examined the effect of reduced feed intake 
on endocrine status and metabolite levels in sows during lactation. Sows with a restricted 
feed intake lost more body weight than the full-fed sows (29 ± 1.8 kg vs. 12 ± 1.2 kg; P < 
0.05). Researchers concluded that reduced feed intake also had negative reproductive 
effects through decreased development of ovarian function. 
 In a study by Walker and others (2008), 59 milking dairy cows were monitored 
for lameness and activity time budgets. Compared to the non-lame cows, lame cows 
spent more of their time budget lying down (50.1 ± 1.3% vs. 43.8 ± 1.7%; P = 0.003), 
less time standing (11.8 ± 0.8% vs. 14.2 ± 1.1%; P = 0.036) and overall less time 
elevated on feet (included standing, grazing, drinking walking and expressing estrous 
behavior; 49.9 ± 1.33% vs. 56.2 ± 1.7%; P = 0.003). Moreover, more lame cows (10/39 
cows) had a low BCS (score of 1 = thin) than non-lame cows (0/20 cows; P = 0.013).  
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Subjective methods of lameness evaluation 
Assessing and categorizing the degree of lameness in sows is a challenge due to 
modern housing systems which limit her movement. Lack of observation of individual 
sows for gait abnormalities limits lameness assessment for swine; however, the 
movement of sows from gestation areas to farrowing facilities may offer an opportunity 
for individual gait assessment (Anil et al., 2009). These assessments may pinpoint a 
severely lame animal for culling or euthanasia but those with less severe, chronic 
lameness may persist in herds. Main and colleagues (2000) note, “compared with other 
species, pigs have a stilted locomotion and their natural response to a disturbance is a 
short, rapid locomotion rather than steady walking or trotting”. The authors explain 
further, “their relatively short neck limits the potential vertical movement of the head; 
this is an important indicator of lameness in many species.” 
Most methods developed for lameness assessment are based on an uneven bearing 
of weight; this strategy is usually limited to observations of the animal’s gait (Manson 
and Leaver, 1988; Sprecher et al., 1997). Deviations found in gait are often visually 
recognized through the use of subjective scoring systems. These visual scoring systems 
have been implemented so that producers can quickly and affordably quantify the 
prevalence of lameness. Lameness scoring systems are widely used to assign and 
categorize the degree of lameness expressed during locomotion. Whay (2002) explained 
that locomotion scoring techniques can be applied to enhance lameness detection in 
individual animals as well as a tool for monitoring herd lameness levels.  
Locomotion scoring evolved as a method of categorizing the gait of a group of 
animals into subsets (Whay, 2002). Routine locomotion can serve many functions; lame 
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individuals can be identified for treatment, information about the level of lameness within 
the herd can be used to set targets for reduction, and an active locomotion scoring 
program can raise awareness of farm lameness levels (Whay, 2002). Whay (2002) further 
explains that once lame animals have been identified and treated, implementation of 
preventative strategies can be utilized for types of lameness specific to the farm.  
There are two common subjective scoring systems utilized for the characterization 
of lameness in animals. The numerical rating scale (NRS) is a common system for 
lameness categorization and uses ordinal categories to divide lameness into subsets with 
corresponding severities. Alternatively, the visual analogue scale (VAS) is scored by the 
observer on a continuous basis by placing a mark on a 100 mm line between two 
endpoints of ‘normal’ and ‘could not be more lame’.  
Scoring systems have been developed for use in dairy cows (Manson and Leaver, 
1988), sheep (Welsh et al., 1993), broilers (Kestin et al., 1992), dogs (Quinn et al., 2007), 
swine (Main et al., 2000) and horses (Bussieres et al., 2008). The Manson and Leaver 
system (Manson and Leaver, 1988), scored dairy cattle on a 1 to 5 scale with half points, 
1 being normal and 5 being most lame. The Manson and Leaver system presented a 
challenge in interpretation as subjective descriptor terms including ‘slight’, ‘some’, and 
‘obvious’ tended to rely on the experience of the observer for characterization. Since 
then, numerical rating scales have been created to follow a more simple system that relies 
on the presence or absence of one or two behaviors. The Sprecher system (Sprecher et al., 
1997) is a more simple scoring system for dairy cattle that relies on reluctance to bear 
weight on the affected limb and observing the presence or absence of an arched back 
when standing and walking.  
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The visual analogue scale has been utilized for human patients to rate pain (Scott 
and Huskisson, 1976). Since then the visual analogue scale method has been utilized to 
characterize lameness in livestock. Welsh and others (1993) used the VAS and NRS to 
assess foot rot in sheep while trotting. Two independent observers graded lameness in 45 
sheep. The VAS consisted of a 100-mm line with the left end labeled ‘sound’ and the 
right end labeled ‘could not be more lame.’ The NRS consisted of 5 divisions (scores 0-4) 
described in the following terms; 0= clinically sound, 1 = barely detectable lameness, 2 = 
obvious lameness, 3 = severe head nod and possibly resting the affect foot when standing 
and 4 = carrying foot at the trot. No difference (P > 0.05) was seen between the 2 
observers for when using the VAS or NRS. The maximal NRS score of 4 was associated 
with VAS values of > 68 mm, indicating that the NRS divisions did not reflect equal 
increases in lameness. While both systems were found to be reproducible and repeatable, 
the authors concluded that the VAS has a distinct advantage over the NRS due to its 
increased sensitivity and continuous nature rather than discrete units.  
A study by Quinn and colleagues (2007) analyzed the agreement between 
numerical rating scales, visual analogue scoring scales and gait assessed by a walkway 
system using 21 dogs.  Observations were made prior to surgery, and at 4, and 8 weeks 
post-surgery; peak force and impulse were determined at the same time points using a 
gait walkway system. Results showed low agreement among observers for both NRS and 
VAS for the 0, 4, and 8-week assessments. Intra correlation coefficients of 0.24, 0.61 and 
0.35 (for the 0, 4, and 8 week time points, respectively) were found for the VAS, with 
0.30, 0.58, and 0.38 for the NRS. Peak force did not have a significant relationship with 
either the VAS or NRS (P > 0.05). When peak impulse was compared to NRS, 1out of 
14 
 
 
the 3 observers had a significant relationship with their NRS scores (P = 0.05). When 
peak impulse was compared to VAS, all 3 observers had a significant relationship (P < 
0.05). When very lame dogs (VAS > 60 and NRS = 4) were removed, there were no 
significant relationships between the observers and the gait system. The authors 
concluded that both visual scoring systems were not related to peak vertical forces and 
both failed to accurately assess lameness in the middle of the scale. They proposed that 
the force applied by a particular limb is hard to detect by observers and may not be 
noticeable unless at either end of the spectrum. The authors concluded by stating that the 
force plate analysis is more sensitive for evaluating lameness than subjective scoring 
scales.   
Main and colleagues (2000) analyzed the gait, behavior and posture of grow-
finish pigs in both their pens and adjacent walkway as they were moved to an unfamiliar 
environment. A 6-point numerical scale was developed where a score of 0 represented 
normal and a score of 5 denoted a severely lame pig. Scores for 201 finishing pigs 
(bodyweight between 40 and 100 kg) were independently assigned by 2 observers 
familiar with the scoring system. Results showed a high level of agreement between the 2 
experienced observers at 94%. Later, 7 veterinary students unfamiliar with the scoring 
system were asked to score 19 pigs using the same criteria as the first test. These 19 pigs 
had previously been assigned a lameness score on the same day by the experienced 
observers. Results from this study showed that 4 out of the seven observers there was a 
significant agreement beyond that expected by change (P < 0.05), although the kappa 
statistic ranged from 0.22 to 0.35. This suggests that the score test was unreliable with 
low sensitivity or specificity when used by unfamiliar observers.  
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The aforementioned results show the impact of familiarity and experience with 
the species at hand as well as the scoring system. In the Main and colleagues (2000) 
study above, agreement of scores between experienced observers was 94% while 
agreement between inexperienced observers was only 26% to 53%. A study by Espejo 
and others (2006) found similar results when locomotion and body condition scores were 
collected on 5,626 dairy cows. Results showed the observed prevalence of lameness was 
24.6%; 3.1 times greater on average than the prevalence estimated by the herd managers 
on each farm. Whay (2002) suggests reasons for this as possible desensitization and 
habituation of farmers when lameness surrounds them, under-recognition of mild cases of 
lameness, or possibly a conscious decision to overlook some cases due to time restraints.   
In a review by Flower and Weary (2009), the validity and reliability of subjective 
and objective tools for assessing lameness was examined. Two approaches to validating 
subjective assessment systems were identified 1) to compare gait in animals with and 
without known hoof and leg pathologies, and 2) to compare animals with or without a 
known treatment. To counter issues with reliability between observers, they suggest 
removing vague descriptor words such as ‘mild’, ‘moderate’ and ‘severe’ among others.  
 
Objective methods of lameness evaluation 
 The following portion of this literature review details information regarding 
assessment tools that could be used to detect lameness. The primary tools to be covered 
include mechanical and thermal nociceptive thresholds, as well as use of the force plate 
and gait analysis software.   
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Mechanical nociceptive threshold 
 The mechanical nociceptive threshold (MNT) is the minimum pressure that 
produces a pain response (Fischer, 1987; Haussler and Erb, 2006). The use of pressure 
algometry has also been used to measure the avoidance response. White and colleagues 
(2013) utilized pressure algometry to measure avoidance response to pressure after 
immunization with clostridial vaccines. Thirteen black-angus-cross heifer calves were 
randomly allocated to 3 treatment groups including 2 different clostridial immunizations 
(V7and C7) and a saline control (CN). A significant interaction was present in the 
amount of pressure required to stimulate an aversion reaction from the algometer with 
CN calves requiring more pressure to stimulate a reaction in the early portion of the trial 
relative to the C7 and V7 calves (P < 0.05).  
The use of pressure algometry in livestock is a relatively novel method for 
assessing pain, but has been used as a pain assessment tool in humans for several years. 
In a study by Giesbrecht and Battie (2005), the pressure pain detection threshold was 
compared in human patients with and without the presence of chronic low back pain. A 
total of 30 female subjects with known chronic low back pain were compared to 30 
female volunteers without lower back pain to analyze the differences in pressure 
threshold. The mean global pain threshold values (all sites combined) were 5.6 lb/cm
2 
(SD = 2.1) for subjects with chronic low back pain. For subjects without pain, the mean 
pain threshold was 6.9 lb/cm
2 
(SD = 2.1). Using pressure algometry, it was found that 
patients with chronic low back pain had a lower pressure threshold compared to the 
subjects without pain. 
17 
 
 
There have been several studies to analyze the reliability and repeatability of 
pressure algometry. Nussbaum and Downes (1998) evaluated the pressure-pain threshold 
(PPT) in biceps brachii muscle in 30 female subjects (age 22-57) and 5 male subjects 
(age 23-58) without reported pain over 3 consecutive days. The examiners were 2 
physical therapists with clinical experience but no prior experience using an algometer. 
On the first test day, the first examiner did three practice trials on each subject’s non-test 
arm. The practice trials were followed by 3 trials of measuring PPT on the subject’s test 
arm with 10-sec intervals between trials. After 20 minutes the procedure was repeated by 
the second examiner. This procedure was repeated on the second and third test day.  
Intra-class correlation coefficients (ICC) between the 2 examiners show that 
reliability was lowest for the first trial and highest for the third trial (between examiner 1 
and 2; ICC = 0.74-0.89). The highest reliability was seen when the score of the first trial 
of each day was omitted and the mean of the second and third trials of the day (ICC = 
0.85-0.88) demonstrating that the reliability was improved if the first of 3 trials is 
excluded for estimating “true” pressure threshold. Reliability between trials within a day 
was found to be high (ICC > 0.93) and reliability over the 3 days was also found to be 
high (ICC > 0.88). Overall, the authors determined the algometer had the potential for 
evaluating day-to-day changes in soft tissue tenderness.  
Jones and others (2007) evaluated the reliability of the pressure algometer in 19 
healthy female patients (age 20-39). Three pressure pain thresholds (PPT) trials were 
performed on 8 different anatomical locations on the upper extremity and torso over 4 
consecutive days.  Reduced MNT values were reported on consecutive days (Days 2, 3, 
and 4) compared to the baseline (Day 1) values on the eight separate testing locations (P 
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< 0.05) indicating increased sensitivity to the algometer. The authors listed several 
possible factors that may have contributed to the decline in threshold values: 1) a learned 
behavior where patients anticipate the pressure threshold and stop the test; 2) tissue 
trauma making the test area more sensitive; and 3) a more complex central mechanism 
that triggers earlier activation of the nociceptors. Although this study found the pressure 
algometer test means declining over the 4 consecutive test days, they concluded the 
pressure algometer provided consistent and reliable means across test subjects and testing 
locations on each trial day.  
There have been several studies using farm animals and mechanical nociception 
tests to quantify painful and non-painful states. Ley and colleagues (1989) measured 
threshold responses to mechanical pressure test in adult female sheep, the control sheep 
were healthy with no clinical signs of painful disorders, the ‘footrot’ sheep were all 
clinical cases of at least 1 week duration with lesions on  one forefoot. The control sheep 
showed a mechanical threshold of 4.35 ± 0.18 N, whereas the sheep with low severity 
footrot had a decreased threshold of 2.49 ± 0.61 N (P < 0.05). The high severity foot rot 
group also had a reduced threshold of 2.65 ± 0.40 N (P < 0.01) compared to the control 
sheep. The authors concluded that a decrease in mechanical threshold was detected using 
the algometer in sheep with chronic pain. 
Similarly, a study by Dyer and others (2007) examined the relationship between 
claw pain and limb locomotion score in dairy cattle. Data were generated from 263 
Holstein cows from 2 commercial dairy farms. Claw pain was measured using hoof 
testers equipped with a pressure gauge, and pain was determined as the maximum 
pressure recorded at the time the limb was withdrawn following claw or soft tissue 
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compression with the tester. Locomotion scores were also given with a score of 1 being 
sound to a score of 5 being severely lame. Pain occurred more frequently in later claws 
(27.10, n = 524) compared to medial claws (2.10%, n = 524; P < 0.001). Lesion 
distribution by claw within the pelvic showed that 85.6% of all claw lesions (n = 369) 
occurred in the lateral claw and 14.4% occurred in the medial claw. Pain indices 
(PICLAW) were calculated as Pi/Pmax with Pi as the pressure recorded upon limb 
withdrawal and Pmax was 459.74 N/cm
2
, therefore Pi/Pmax was dimensionless. Mean 
PICLAW decreased with increasing locomotion score (more lame) on the lateral claw (P 
< 0.05). The medial claw did not change as locomotion scores increased (P > 0.05). The 
results of this study also support the use of pressure algometry as an objective measure of 
pain for assessing claw pain in lame dairy cows.  
Tissue injuries cause an increase in pain sensitivity; normally painful stimuli 
become more painful (hyperalgesia) and those associated with non-noxious sensations 
evoke pain (allodynia; Andrew and Greenspan, 1999). Nalon and colleagues (2013) 
assessed mechanical nociception threshold to determine if hyperalgesia occurs in sows 
with naturally occurring lameness. They evaluated 2 tools, a hand-held probe and a limb-
mounted actuator connected to a digital algometer. Twenty-eight pregnant sows were 
investigated, of which 14 were moderately lame and 14 were not lame. Over 3 testing 
session, repeated measurements were taken every 5 minutes on the dorsal aspects of the 
metatarsi and metacarpi of all limbs. The MT (mechanical threshold) was the force in 
Newtons (N) that elicited an avoidance response. It was found that MTs were lower in 
limbs affected by lameness compared to normal limbs (12.84 ± 0.84 N vs. 14.89 ± 0.51 
N; P < 0.05). The thresholds differed between days (P < 0.001); MTs increased from the 
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first to the third day (day 1, 13.55 ± 0.56 N; day 2, 14.28 ± 0.56 N; and day 3, 14.97 ± 
0.61 N). No significant differences were observed between measurements within a day (P 
= 0.83) or between left and right limbs. Forelimbs had higher MTs than hind limbs (P < 
0.001). The probe yielded lower MTs than the actuator (P < 0.001; 14.53 ± 0.94 N vs. 
11.17 ± 0.90 N) for lame limbs. The authors concluded that lame sows had lower 
mechanical thresholds in the lame limbs, revealing local sensitization to noxious stimuli 
(hyperalgesia). Hyperalgesia, or a heighted perception of pain, has been shown to persist 
for weeks after treatment (Whay et al., 2005).  
Thermal nociceptive threshold 
Hyperalgesia is commonly measured by comparing the difference in latencies to 
thermal nociception between a control and injured condition (Galbraith et al., 1993). 
Historically, tests of hyperalgesia were conducted using either a hot plate or radiant heat 
source to stimulate thermal receptors (Galbraith et al., 1993). Testing of rats and mice has 
been conducted using thermal nociceptive threshold tests (Andrew and Greenspan, 1999; 
Chen et al, 1999; Hargreaves et al, 1988). Hargreaves and colleagues (1988) developed a 
radiant heat from a high-intensity light source as a thermal stimulus with an automated 
determination of the nociceptive threshold method to measure behavioral responses to 
hyperalgesia. This study utilized 8 male Sprague-Dawley rats (250-300 g).  In this study, 
rats with carrageenan-induced inflammation in their left or right paw resulted in shorter 
paw withdrawal latencies compared to saline treated paws (3.5 ± 0.6 sec vs. 10.9 ± 0.6 
sec; P < 0.001). This method also allowed individual rats to serve as their own control 
since the experimental and control paws could be tested independently.  
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The mechanical and thermal responses of cutaneous nociceptors in the rat 
hindpaw were the subject of a study by Chen and colleagues (1999). The study 
investigated two models of spontaneous tonic pain in 29 Sprague-Dawley albino rats 
weighing from 180-220 g. The study investigated whether 2 animal models of pain 
(formalin test and the bee venom test) could develop a hyperalgesia to mechanical and 
thermal stimuli in the injured area. The rats were split into 4 treatment groups: 1) no 
treatment (n = 4); 2) rats with subcutaneous (SC) injection of 0.1 ml 0.9% saline (n = 4); 
3) rats with SC intraplantar in injection of bee venom (0.2 mg lyophilized whole venom 
in 0.1 ml saline; n = 11); and 4) rats with SC intraplantar injection of 0.1 ml of 2.5% 
formalin (n = 10). To observe hyperalgesia and allodynia, sensitivity to mechanical 
stimuli applied to the injection area on the hind paw of the rat was examined at the time 
points of 2, 4, 8, 24, 48, 72 and 96 h after administration of the two chemical agents using 
von Frey-type nylon filaments. To examine thermal hyperalgesia the rat was placed on a 
2 mm think glass plate, the radiant heat source (high intensity projector halogen lamp 
bulb, 100W) was placed directly under the glass floor producing a light spot with 5 mm 
diameter. The heat stimuli was directed onto the injection site of bilateral hindpaw of 
each rat under the voltage of 10.5 V. Compared to those prior to bee venom injection, the 
mechanical threshold and thermal latency of paw withdrawal reflex to stimuli applied to 
the injection area were dramatically decreased at the time point of 2, 4, and 8 h after bee 
venom (P < 0.0001) and began to recover at 24 h (P < 0.01) and completely recovered by 
96 h. Compared to those prior to formalin injection, the mechanical threshold and thermal 
latency of paw withdrawal reflex to stimuli applied to the injection area were also 
different at every time point for mechanical threshold (MT) (P < 0.001) and thermal 
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latency (TL) (P < 0.0001). Interestingly, formalin injection produced MTs 31% higher 
and TL 289% higher than prior to formalin injection, suggesting the formalin severely 
damaged the peripheral tissue and sensory receptors in the injured area. The authors 
concluded that the bee venom test, with its pronounced hyperalgesia and prolonged 
spontaneous pain was a better chemoirritant to study neural mechanisms underlying 
pathological pain and hyperalgesia.  
Similarly, Andrew and Greenspan (1999) assessed the mechanical and thermal 
sensitization of single fiber cutaneous nociceptors of the rat hindpaw following induction 
of acute inflammation with 150 µl of a 1-mg/ml solution of CFA. The study utilized 18 
male Sprague-Dawley rats (300-400 g). This study used 43 different nociceptors in each 
rat: 20 A fibers, and 23 C fibers. Nociceptor responses to short-duration graded 
mechanical stimuli applied with probes of contact areas of 1 and 0.1 mm
2
 were recorded. 
Heat sensitivity was investigated by applying discrete stimuli with a contact thermal 
stimulator (probe tip area 1.1 cm
2
). Ramp-and-hold (rise time 2.0 s, hold time 5.0 s, 
interstimulus interval 25 s) stimuli in the range of 40–50°C were delivered in 2°C steps, 
from an adapting skin temperature of 35°C. Heat thresholds were defined as the 
temperature that evoked a single impulse from a fiber.   
Inflamed A-fiber nociceptors were considerably more variable in their response 
than the control, they were significantly more responsive to mechanical stimuli than 
controls for both the 1 (P < 0.003) and 0.1 mm
2
 (P < 0.04) probes. The C-fiber 
nociceptors were more responsive than controls for the mechanical 0.1 mm
2
 probe (P < 
0.05) but not for the 1 mm
2
 probe (P > 0.14). Of 20 control C-fiber nociceptors, 16 
responded to heating. The threshold was 42 ± 1.9°C and the units monotonically 
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increased firing rate as stimulus intensity increased. Of the 20 control A-fiber 
nociceptors, only 1 responded to heat, with a single impulse at the highest temperature 
tested (50°C). Inflammation increased the proportion of A-fibers that were heat sensitive 
(5 of the 20 tested) but not significantly (P > 0.1); thresholds were 43-48°C and were 
significantly more sensitive than the controls (P < 0.04). Mean threshold of the inflamed 
C-fibers was 42.1°C which was not significantly different from the controls (P > 0.6). 
Sensitization to mechanical stimuli was observed for the A and C fibers, though greater 
for the A fibers, whereas heat sensitization was observed in 25% of A fiber nociceptors 
with depressed responses of C fibers. The authors concluded that the mechanical 
hyperalgesia caused by the induced inflammation could be due to nociceptor 
sensitization.   
Thermal nociception has also been tested on broilers (Hothersall et al., 2011), 
dairy cows (Machado et al., 1998), and sows (Tapper et al., 2013). Machado and 
colleagues developed a thermal threshold test for use in dairy cows to measure the 
response to analgesia (morphine sulfate, cumulative dose from 0.00 to 0.40 mg/kg). The 
apparatus was tested in 12 dry, nonpregnant culled dairy cows to determine the thermal 
nociceptive threshold and the response to morphine sulphate. The thermal threshold 
measurer (TTM) was positioned on the dorsal forefoot of the cow on the skin over the 
middle phalanges. At the instant the foot-lift response was initiated the heat stimulus was 
stopped and temperature was recorded. A significant elevation (P < 0.0001) in the 
nociceptive threshold of the cows with cumulative dosing of morphine sulphate was 
noticed.  
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Tapper and colleagues (2013) evaluated pressure algometry (PA) and thermal 
sensitivity (TS) as objective tools for assessing changes in pain sensitivity associated with 
induced lameness. Twelve, mixed parity crossbred sows were anesthetized and injected 
with Amphotericin B in the distal interdigital space of both claws of one hind leg to 
induce transient lameness. The amphotericin B-induced lameness model was noted to 
produce a predictable, reproducible and moderate-severity synovitis that is transient in 
duration. This is important as naturally-occurring lameness research models cannot 
control the severity or duration of pain associated with lameness, limiting the 
interpretation of the degree of pain. Sows were randomly assigned to one of three 
analgesic treatment groups: 1) sodium salicylate (35 mg/kg); 2) flunixin meglumine (2.2 
mg/kg); and 3) control (0.04 ml/kg sterile saline). Pain sensitivity was assessed with PA 
and TS on each hind leg on d-1, d+1 and d+6 relative to induction (d0).  Results showed 
less pressure was tolerated on the lame hoof after induction of lameness (P < 0.001), 
supporting use of PA was an objective non-invasive method for measuring pain 
sensitivity in sows induced with lameness. Thermal tests revealed differences between 
the sound and lame hoof prior to induction of lameness (P = 0.02) concluding thermal 
sensitivity tests was an ineffective method for measuring pain sensitivity in induced 
sows.  
Thermal sensitivity using a laser technique has also been developed. Herskin and 
colleagues (2009) validated a laser-based method to measure thermal nociception in 
group-housed pigs. Thirty (Danish-Landrace x Yorkshire) gilts were assessed; gilts 
ranged from 145-248 days old and ranged from 76-125 kg. To validate a laser-based 
method to measure thermal nociception in group-housed pigs, the authors performed 2 
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experiments observing the behavioral responses toward cutaneous nociceptive 
stimulation from a computer-controlled CO2-laser beam applied to the caudal part of the 
metatarsus on the hind legs or the shoulder region of gilts. Increasing the power output 
led to decreasing latency to respond (moving, lifting or kicking leg; P < 0.001) when 
testing the hind limbs. Increasing the power output led to gradually decreasing latency to 
respond (moving shoulder, moving body, muscle twitching, rubbing shoulder; P < 
0.0001) when testing the shoulder. The authors concluded that behavioral responses to 
nociceptive cutaneous laser stimulation are a valid non-invasive measure of nociception 
in group housed gilts.  
Use of the laser-based method has also been validated for use in dairy cattle 
(Herskin et al., 2003; Veissier et al., 2000). Herskin and colleagues (2003) evaluated a 
laser-based method to measure thermal nociception in dairy cows. They performed 3 
experiments to observe the behavioral responses to a computer-controlled CO2 laser 
beam applied to the skin on the caudal aspect of the metatarsus. Eighteen Danish Friesian 
cows, 202 ± 17 days postpartum were used. The effects of power output (0, 1.3, 1.8, 2.2, 
2.4 and 2.6 W) on nociceptive responses were examined (responses were defined as 
moving leg, lifting leg, kicking leg, and tail flicking). Increasing the power output 
decreased latencies to respond (P < 0.01); therefore, behavioral responses to a laser 
stimulus seem to be a valid measure of nociception in dairy cows.  
Force plate analysis 
Many techniques have been employed in other species to qualify and quantify 
lameness. Kinetic measures give the values of the total ground reaction force exerted by 
an animal’s foot when it is in the weight bearing mode. Ground reaction forces (GRFs) 
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are produced by the force of the animal on the ground and the ground exhibiting equal 
and opposite forces during locomotion (Clayton, 2005). Forces are not visible to an 
observer and cannot be assessed during clinical examination, but GRFs can be measured 
using a force plate (Clayton, 2005) and have been shown to change as lameness 
progresses.  
The force plate measurement system quantifies the amount of force each limb 
applies to the surface of the assessment tool (Pastell et al., 2008). Corr and others (2003) 
explained that an animal will distribute less weight on the limb(s) that is painful or 
structurally unsound. Furthermore, lameness usually results in a reduction of the peak 
vertical force combined with a prolongation of stance duration (Clayton, 2005). Use of 
this objective measurement system allows identification of lame individuals prior to 
clinical signs. 
The force plate system has been utilized to quantify lameness dairy cattle (Pastell 
et al., 2008) and sows (Karriker et al., 2013). For many species, kinematic measurements 
are typically collected during locomotion; this is acceptable because much of the time 
budgets are spent moving. Some animals, such as dairy cows and sows spend much of 
their time in stalls; lameness identification can therefore occur while standing. In 2008, 
Pastell and colleagues developed a system used for automatic detection of leg problems 
while cows stood in milking robots. The authors concluded that continuous monitoring of 
changes in weight distribution can detect leg problems, and that cows with injured legs 
put less weight on the affected limb. 
Similarly, a prototype micro-embedded force plate system was developed for use 
in an electronic sow feeder or gestation stall so that weight distributions could easily be 
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taken during feeding (Sun et al., 2011). Sows averaged 56.5% and 43.5% of their total 
body weight on their front and hind legs, respectively, indicating sows carry more weight 
on their front legs compared to their hind legs. The force plate system also showed 
promise in its ability to identify sow lameness by separately measuring the weight of each 
leg. 
Gait analysis 
 Numerical rating scoring and visual analogue scoring systems are common and 
useful, but highly subjective with varying degrees of inter- and intra-observer reliability. 
O’Callaghan and colleagues (2003) utilized a 1 to 5 numerical scoring system to assess 
deviations in posture of 345 lactating dairy cattle. Intra-observer and inter-observer 
repeatability was assessed by analyzing percentage agreement between scores of a single 
observer over 3 days and between 2 observers scoring on a single day. Intra-observer 
repeatability was found to be 56% while inter-observer repeatability was found to be only 
30%.   Variability in subjective scoring indicates the necessity for more objective, robust 
lameness assessment tools. 
Kinematic gait analysis allows researchers to quantify gait characteristics in 
clinically lame animals as well as animals with less noticeable cases of lameness. In a 
study by Kotschwar and others (2009), the analgesic efficacy of sodium salicylate was 
examined in a bovine synovitis-arthritis model with amphotericin B. Ten male Holstein 
calves (4-6 month old) weighing approximately 250 kg were used. Calves were assessed 
with a numerical lameness scoring system adapted by Sprecher and colleagues (1997) 
rating calves on a 1 to 5 scale, 1 being normal and 5 being severely lame. Gait was also 
assessed using a pressure mat; contact surface area, contact pressure, and stance phase 
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duration measures were collected. When comparing numerical lameness scores and 
pressure mat results, contact surface area was different (P = 0.018) with lameness score 1 
calves having a greater surface area compared with lameness score 3 and 4 calves. 
Contact pressure also differed between calves (P = 0.02) with lameness score 3 calves 
exerting more contact pressure than lameness score 1 calves. No difference was seen in 
stance phase duration by lameness score (P = 0.16). These results demonstrate that 
lameness scoring systems can differentiate between different levels of lame animals, 
though a more precise depiction of lameness can be detected using objective gait 
analysis.  
Evans and others (2005) examined the gait of dogs that had surgery for rupture of 
the cranial cruciate ligament (CCL) to measure ground reaction forces (GRFs). All dogs 
assessed were adult Labrador Retrievers: 17 free of orthopedic and neurologic 
abnormalities, 100 with unilateral CCL rupture, and 131 studied 6 mo after surgery for 
CCL injury, 15 with observable lameness. Dogs were walked over a pressure walkway 
with GRF recorded during the stance phase.  The authors determined that use of peak 
vertical force was optimal for discriminating between sound and lame Labradors. After 
surgery, 75% of dogs with no observable lameness failed to achieve GRFs consistent 
with the sound dogs when walking over the platform, indicating use of gait analysis was 
more sensitive than visual assessment. 
Comparably, Judy and colleagues (2001) adapted a human in-shoe pressure 
measurement system for use in quantifying forelimb ground reaction forces in horses. Six 
adult Thoroughbreds were evaluated for lameness while trotting on a motorized treadmill. 
The study used significant (P < 0.05) differences in maximum force to select the lame 
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forelimb of the horse, with significantly lower maximum force indicating the lame limb. 
Four of the 6 horses were found to have some level of lameness based on the forces 
placed on the front limbs, with decreased pressure placed on either the left or right 
forelimb (P < 0.05). The authors concluded that use of the maximum force data this 
system was able to accurately and simultaneously assess GRFs of forelimbs of horses 
while trotting on a treadmill.   
Flower and colleagues (2005) examined how hoof pathologies can influence 
kinematic gait measures in dairy cows. The gait profiles of Holstein dairy cows with no 
visible injuries (n = 17), sole lesions (n = 14) and sole ulcers (n = 7) were studied. When 
compared to cows with sole ulcers, the healthy cows walked faster (1.11 ± 0.03 vs. 0.90 ± 
0.05 m/s), had shorter stride duration (1.26 ± 0.03 vs. 130.0 ± 0.05 s) and longer strides 
(139.5 ± 2.1 vs. 130.0 ± 3.2 cm). Gait differences were most likely due to cows placing 
less weight on the affected hoof, as the percent of time when cows were supported by 3 
legs doubled for cows with sole ulcers compared to healthy cows (42 % vs. 18%). 
Interestingly, cows with sole lesions did not differ from the healthy cows when 
comparing gait characteristics, indicating that less severe injuries were not painful 
enough to alter the gait.  
Similar work in swine was done by Karriker and colleagues (2013) who established a 
protocol for inducing a transient clinical lameness in sows by amphotericin B injection 
into the distal interphalangeal joint. To validate the efficacy of the lameness model, sows 
were walked across the GAITFour pressure mat for objective gait assessment. After 
induction of lameness the sows exhibited a decrease in maximum pressure, stance time 
and number of sensors activated on the pressure mat (P < 0.05) compared to when in a 
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sound state. Their work validated the amphotericin B synovitis model for multiparous 
sows and concluded that the GAITFour tool showed promise in detecting lameness states.  
 
Chemical synovitis 
Induction of lameness allows for controlled evaluation of pain in animals because 
pre- and post-lameness measurements can be taken from the same animal, thereby 
reducing the confounding effects of individual differences (Kotschwar et al., 2009). 
Amphotericin B was first used intra-articularly to treat coccidioidal synovitis, and the 
injection itself caused an acute localized inflammatory response (Aidem, 1968). The 
injection of Amphotericin B leads to a temporary acute localized synovitis by stimulating 
the synovial cells to produce and secrete cytokines, a process which triggers a local 
inflammatory response within the joint. While naturally-occurring lameness does not 
provide control over severity and duration of pain, this method provides a predictable, 
reliable and reproducible synovitis that is transient in duration. Chemical induction of 
lameness allows for a consistent degree of lameness, beneficial to validation of pain 
assessment tools.  
Induced transient lameness using Amphotericin B has been examined in cattle 
(Kotschwar et al., 2009), horses (Bussieries et al., 2008) and most recently in sows 
(Karriker et al., 2013). Kotschwar and colleagues (2009) examined the efficacy of 
sodium salicylate for providing analgesia in an amphotericin B-induced bovine synovitis-
arthritis model using 10 male Holstein calves. The authors concluded that the 
amphotericin B-induced synovitis-arthritis model was a useful tool for studying changes 
associated with lameness in cattle. Similarly, work by Karriker and colleagues (2013) 
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utilized the GAITFour pressure mat and static force plate to validate use of Amphotericin 
B as a synovitis model. The amphotericin B injection caused decreases in weight 
distribution on the induced hoof (P < 0.05) using an embedded force plate, and decreased 
maximum pressure, stance time and number of sensors activated (P < 0.05) on a 
GAITFour sensor system compared to non-injected hooves. Their research concluded 
that injection of Amphotericin B into the distal interphalangeal joint space of the claw 
caused a predictable, acute, transient lameness in multiparous sows.  
 
Pain 
Lameness due to pain is an individual experience. The sensation and assessment of 
pain are subjective in nature and this recognition of pain in animals is further complicated 
by the inability of animals to report their pain (Anil et al., 2002). Direct measurement of 
subjective experience is not possible. For animals we must rely on physiological and 
behavioral indices to provide indirect evidence of the mental state (Molony and Kent, 
1997).  
Types of pain 
 Pain can be categorized into several different groups based on different 
characteristics such as location, duration or intensity. Visceral pain refers to pain that 
arises from the viscera in the abdominal or thoracic cavity. Somatic pain refers to pain 
arising from the periphery, such as muscle or skin (Stasiak et al., 2003). Superficial pain 
results from stimulation of the pain receptors in the skin, while deep pain arises from 
stretch receptors in the visceral wall which are more sensitive to changes in shape and 
tension (Anil et al., 2002). Adaptive pain increases the potential for survival by protecting 
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the animal from injury and promoting healing. Maladaptive pain, by contrast, is 
pathological pain that persists long after the initiating causes have resolved (Anderson 
and Muir, 2005). Acute pain lasts for the duration of the healing process of an injury; it 
generally is accompanied by autonomic changes and responds to analgesic treatment 
(Molony and Kent, 1997). Chronic pain can result from inflammation and nerve damage 
and is mediated by structural, physiological and functional changes in the central nervous 
system as a result of damage (Garry et al., 2004). Additionally, chronic pain occurs when 
pain is ongoing and is associated with a physiologic adaptation to the sensation of pain, it 
may be challenging to manage as the inciting cause may not be evident (Stasiak et al., 
2003). 
 Physiological pain is an early warning device that alerts the body to the presence 
in the environment of damaging stimuli (Woolf and Salter, 2000). Physiological pain is 
initiated by specialized sensory nociceptor fibers innervating peripheral tissues and is 
activated only by noxious stimuli. This sensory inflow generated by nociceptors activates 
neurons in the spinal cord which project to the brain, eliciting pain (Woolf and Salter, 
2000). Pain becomes pathologic when it is associated with tissue injury and is usually the 
result of inflammation. Persistent pathologic pain may result in the wind-up phenomenon 
where the nervous system can become overly sensitive to any stimulation (Stasiak et al., 
2003).  
Pain detection 
 Animal pain is an aversive sensory and emotional experience representing 
awareness by the animal of damage or threat to the integrity of its tissues; it changes the 
animal’s physiology and behavior to reduce or avoid damage, to reduce the likelihood of 
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recurrence and to promote recovery (Molony and Kent, 1997). Pain is defined by the 
International Association for the Study of Pain (IASP) as “an unpleasant sensory and 
emotional experience associated with actual or potential tissue damage, or described in 
terms of such damage.” The IASP adds, “The inability to communicate verbally does not 
negate the possibility that an individual is experiencing pain and is in need of 
appropriate pain-relieving treatment.” This concept often presents a challenge for 
developing pain scales.  
 The absence of normal behavior is the most striking sign of pain in animals, 
therefore it is essential to be familiar with the normal behavior repertoire of the species 
(Anil et al., 2002). The social context of the animal is important to note, isolation from 
group members can be an early symptom of pain (Anil et al., 2002). Food and water 
intake, along with changes in body weight seem most consistently altered by painful 
stimuli across a range of species (Stasiak et al., 2003). Other behavioral signs to note 
include vocalization (especially when handled or moved), lack of mobility, and abnormal 
postures among others (Anil et al., 2005).  
Mechanisms of pain 
 Nociception may be defined as the physiologic component of pain processing 
involving the transduction, transmission and modulation of signals generated by 
stimulation of peripheral nociceptors (Lamont, 2008). Thermal, chemical or mechanical 
stimulation activates nociceptors in the outlying tissues which in turn convey this 
information to the first synaptic relays in the dorsal horn of the spinal cord (Garry et al., 
2004; Costigan and Woolf, 2000). These activated nociceptors send their information to 
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the spinal cord via two afferent fibers: rapid, myelinated A-δ fibers and slower 
unmyelinated C-fibers. 
Unmyelinated C-fibers and thinly myelinated Aδ-fibers transduce nociceptive and 
thermal stimuli (Costigan and Woolf, 2000). Aδ-fibers can further be subdivided into 2 
classes, type I and type II nociceptors. Type I nociceptors respond to mechanical and 
chemical stimuli and have relatively high heat thresholds, however these nociceptors will 
sensitize (heat or mechanical threshold will drop) when the tissue is injured. Type II Aδ 
nociceptors have a lower thermal threshold but a high mechanical threshold (Basbaum et 
al., 2009). Type I nociceptors likely mediate first pain provoked by intense mechanical 
stimuli, whereas Type II nociceptors mediate first pain in response to noxious heat. Type 
C fibers are reactive to heating and cooling, low threshold mechanical stimulation, as 
well as to some algogenic substances (Almeida et al., 2004). In the presence of noxious 
stimuli, A-δ fibers propagate intensely with short latency promoting a quick sensation of 
acute pain often triggering withdrawal reactions. Type C fibers propagate more slowly, 
sometimes secondary to the A-δ fibers. These longer potentials undergo summation and 
induce dull pain (Almeida et al., 2004) 
 Normal nociceptive transmission involves detection of high and low temperature 
extreme as well as intense mechanical stimuli (Costigan and Woolf. 2000). As described 
by Basbaum and others (2009), these noxious signals are transduced into depolarizing 
currents by receptors on the nociceptor terminal. Insights into heat sensation came from 
characterization and cloning of the receptor for capsaicin, the main component of chili 
peppers. Capsaicin and other vanilloid compounds produce burning pain by depolarizing 
subsets of C and Aδ nociceptors through activation of the vanilloid receptor. The cloned 
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vanilloid channel is also gated by increases in temperature, with a thermal activation 
threshold of ~43°C. A study by Caterina and colleagues (2000) observed that if mice 
lacked the vanilloid receptor they were impaired in the detection of painful heat and 
showed little thermal hypersensitivity during inflammation. Basbaum and others (2009) 
concluded that the vanilloid receptor contributes to acute heat sensations but state that it 
is not solely responsible for heat transduction. Due to limitations in mimicking 
physiological pressure at a neuronal level, determination of a specific mechanical 
transduction pathway has been difficult. Several candidates have emerged based on 
model genetic organisms; many of these involve pressure opening a mechanosensitive 
cation channel eliciting rapid depolarization. Among these possibilities are the 
DEG/ENaC channels, TRP channels, and the KCNK channels (Basbaum et al., 2009).  
  Once the signal is mediated to the dorsal root ganglion (DRG) of the spinal cord, 
neurotransmitters are released from the afferent nerve to mediate different physiologic 
responses. One response is to convey the nociceptive signal through the spinal ascending 
tract to the brain cortex. The second is known as the reflex arc, this allows the body to 
rapidly withdraw from noxious stimuli (Stasiak et al., 2003).  
 Tissue damage and the associated inflammatory response produce various 
chemicals that function as nociceptor activators or sensitizers. These include hydrogen 
and potassium ions, prostaglandins, histamine, bradykinin, nerve growth factor, cytokines 
and chemokines (Anderson and Muir, 2005). Some of these mediators activate peripheral 
nociceptors directly and lead to spontaneous pain, whereas others act indirectly via 
inflammatory cells to stimulate the release of additional pain-inducing agents (Kidd and 
Urban, 2001). Bradykinin, when given to human subjects produces pain, inflammation 
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and hyperalgesia. Pro-inflammatory cytokines including tumor necrosis factor alpha, 
interleukin-1 and interleukin-6 are reported to produce both mechanical and thermal 
hyperalgesia. Induced by cytokines and growth factors, the enzyme cyclo-oxygenase-1, 
synthesizes prostaglandins, an important mediator of inflammation, pain and peripheral 
sensitization (Kidd and Urban, 2001). Peripheral sensitization is caused by the release 
and accumulation of inflammatory mediators into the extracellular environment which 
may activate sensory nerve endings or sensitize high-threshold nociceptors to 
mechanical, thermal, or chemical stimuli (Muir and Woolf, 2001).   
 
Conclusions 
 Sow lameness negatively affects the economical return to the industry, worker 
morale and the well-being of the animal. Although, currently it is possible to directly 
measure the subjective experience of lameness, physiological and behavioral indicators 
can help provide insight. Visually-based lameness assessment tools are subjective in 
nature and vary in reliability. Empirical and objective tools to quantify varying degrees of 
lameness are required for more accurate and reliable detection on farm.  
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ABSTRACT 
The objective of this study was to quantify pain sensitivity differences using thermal and 
mechanical nociception threshold tests when sows were in painful and non-painful 
transient lameness phases. A total of 24 mixed parity crossbred sows (220.15 ± 21.23 kg) 
were utilized for the mechanical nociception threshold test and a total of 12 sows (211.41 
± 20.21 kg) were utilized for the thermal nociception threshold test. On induction day 
(D0), all sows were anesthetized and injected with Amphotericin B (10mg/mL) in the 
distal interphalangeal joint space in both claws of one randomly selected hind limb to 
induce transient lameness. Three days were compared (1) D-1 (Sound phase, defined as 1 
d before induction), (2) D+1 (Most lame phase, defined as 1 d after induction) and (3) 
D+6 (Resolution phase, defined as 6 d after induction). After completion of the first 
round, sows were given a 7-d rest period and then the procedures were repeated with 
lameness induced in the contralateral hind limb. During the MNT test pressure was 
applied perpendicularly to three landmarks in a randomized sequence for each sow: 1) 
middle of cannon on the hind limb (Cannon), 2) 1 cm above the coronary band on the 
medial hind claw (Medial claw), and 3) 1 cm above the coronary band on the lateral hind 
claw (Lateral claw). The data were analyzed using the MIXED procedure in SAS with 
sow as the experimental unit. Differences were analyzed between sound and lame limbs 
on each day. For the MNT test, pressure tolerated by the lame limb decreased for every 
landmark (P < 0.05) when comparing D-1 and D+1. The sound limb tolerated more 
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pressure on D+1 and D+6 than on baseline D-1 (P < 0.05). Thermal stimulation tolerated 
by the sound limb did not change over the 3 days (P > 0.05). However, the sows tolerated 
less heat stimulation on their lame limb on D+1 compared to D-1 levels (P < 0.05). Both 
mechanical and thermal tests indicated greater pain sensitivity thresholds when sows 
were acutely lame.  
Keywords: Lameness, pain, swine, mechanical nociception, thermal nociception  
 
INTRODUCTION 
Sow lameness has been identified as an economical concern due to detrimental 
effects on reproductive performance, feed intake and overall longevity (Anil, et al., 2009; 
Fitzgerald et al., 2012), and a well-being challenge in regards to pain experienced by the 
sow and associations with increased piglet death due to crushing (Bonde et al., 2004). 
The United States Department of Agriculture (USDA; 2007) reported that lameness was 
the third most common reason producers cull gilts and sows from the breeding herd 
(15.2%), compared to age (36.6%) and reproductive failure (26.3%). It is unclear which 
types of lameness result in acute or chronic pain, but it is recognized that the duration and 
intensity of pain is an individual experience. Pain assessment is subjective in nature and 
pain recognition in animals is further complicated by the inability of animals to directly 
self-report their pain using a common language (Anil et al., 2002; Molony and Kent, 
1997). For non-human animals previous work has used nociceptive threshold tests (Dyer 
et al., 2007; Tapper et al., 2013) to determine pain sensitivity caused by lameness. Tapper 
and colleagues (2013) used mechanical and thermal nociception threshold tests and found 
that the mechanical threshold test identified changes in pain sensitivity when applied to a 
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transient lameness model in sows, but differences in responses to the thermal nociception 
test prior to lameness induction affected the utility of this tool. Therefore, the objectives 
of this study were to 1) evaluate mechanical nociceptive threshold test as an objective 
pain assessment tools to detect sound and lame phases, and 2) evaluate thermal 
nociceptive threshold tests as an objective pain assessment tool to detect sound and lame 
phases in multiparous sows.  
 
MATERIALS AND METHODS 
The project was approved by the Iowa State University Institutional Animal Care 
and Use Committee. The experiments were conducted over two trials, trial one occurred 
from July to August, 2011 and trial two from October to November, 2011. The 
investigators established humane endpoint criteria such that any sow that progressed to 
non-weight bearing lameness by 12 h and did not approach water by 12 h or feed by 48 h 
were removed from the study and humanely euthanized. One sow was removed in trial 2 
during the second round prior to lameness induction because she was unable to stand for 
complete data collection of the force plate. 
 
Animals and housing 
For the mechanical nociception tests a total of 24 (220.15 ± 21.23 kg) non-bred 
clinically normal, mixed-parity, crossbred sows were purchased from a producer in Iowa. 
To avoid confounding injury due to aggression, each sow was housed individually in 
concrete pens providing 5.1 m
2
 and a 0.6 m deep concrete ledge along the rear wall of the 
pen where sows were fed. A rubber mat (2.4 m length x 2 cm height x 1.4 m width) was 
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provided for comfort. Pens were set up in two rows with a central aisle and allowed for 
nose to nose contact between sows. 
Sows had ad libitum access to water via one nipple water drinker (Trojan 
Specialty Products Model 65, Dodge City, KS) that was positioned over a grate. Sows 
were hand-fed in their home pens, receiving 2.3 kg of feed in the morning and 0.46 kg in 
the afternoon. On each data collection day, the morning ration was given in the test stall 
housing the embedded force plate to facilitate standing behavior and any remaining ration 
was given in the home pen. Feed was composed of ground corn, soybeans, and nutrients 
formulated according to Swine NRC guidelines with no antimicrobials. A total of 6.8 ml 
(15 mg) of Matrix (Intervet/Schering-Plough, Milsboro, DE) was added to the morning 
ration daily to prevent estrus cycle initiation. Facilities and sows were inspected by 
caretakers at 0730 and 1530 daily. 
 
Induction of lameness 
 Feed and water were withheld 18 h and 1 h respectively prior to anesthesia to 
reduce vomiting and aspiration risk. All sows were restrained in a standing position using 
a pig snare and then anesthetized using Xylazine (4.4 mg/kg; Anased
®
, Lloyd 
Laboratories, Shenandoah, IA, USA), Ketamine HCl (2.2 mg/kg; Ketaset
®
, Fort Dodge 
Animal Health, Wyeth, Madison, NJ, USA), and Tiletamine HCl (4.4 mg/kg; Telazol
®
, 
Fort Dodge Animal Health, Wyeth, Madison, NJ, USA) administered intramuscularly. 
Dosages were based on recommendations by Jean and Anderson (2012). Palpebral reflex 
were tested to confirm insensibility following anesthesia administration. After 
insensibility was established, the claws on the assigned limb were washed with water to 
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remove obvious fecal contamination, scrubbed for 3 min with iodine based surgical scrub 
(Operand
®
, Aplicare Inc., Branford, CT, USA) using 10 x 10 cm sterile gauze pad, and 
rinsed with 70% isopropyl alcohol until no evidence of the surgical scrub remained. After 
cleaning, 10 mg amphotericin B (X-gen Pharmaceuticals, Inc., Big Flats, NY, USA) were 
injected into the distal inter-phalangeal joint (intra-articular space) of both claws in the 
assigned limb (Karriker et al., 2013). Throughout anesthesia, respiratory rate (measured 
by number of chest elevations resulting from inspiratory effort over 15 s), and rectal 
temperature were monitored every 15 min until sows returned to a standing posture 
unaided.  
 
Experimental design 
Sows were acclimated to the facility, tools and handling for approximately 10 d 
prior to study commencement. All sows were included in the treatment and control data 
such that they were compared to themselves before and after induction. The experimental 
design was a 3(days) x 2(limb) factorial arrangement and the sow was the experimental 
unit. This experimental design provided robust control of intra- and inter-animal 
variations in behavioral responses and limited the number of animals required. Sows 
randomly allocated to one hind limb for first lameness induction. Three days were 
compared, D-1 (Sound phase, defined as 1 d pre-induction), D+1 (Most lame phase, 
defined as 1 d post-induction) and D+6 (Resolution phase, defined as 6 d post-induction) 
and two hind limbs: left hind vs. right hind. The days of D-1, D+1 and D+6 were selected 
based on previous experience with the amphotericin B lameness induction model that had 
been validated by Karriker and colleagues (2013). Trial was defined as either trial 1 
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which included sows 1-12 or trial 2 which included sows 13-24. Round was defined as 
the first or second lameness induction within trial. After completion of the first round, 
sows were given a 7-d rest period and then the procedures were repeated with lameness 
induced in the opposite hind limb for the second round (Figure 3.1).  
 
Nociception tests 
Nociception tests were completed in a modified gestation stall (0.61 m x 2 m) 
located outside of the sows’ home pens. During the nociceptive threshold tests, sows 
were fed their morning ration of feed. Remaining feed ration not consumed in the 
gestation stall was given in the home pen. Prior to thermal nociceptive testing, both hind 
limbs were cleaned with water and dried to remove fecal matter. Nociceptive threshold 
tests were administered on each of the three days on both hind limbs.  
 
Mechanical nociception threshold test 
A total of 24 sows were tested using the pressure algometer (MNT) was adapted 
from Tapper et al. (2013). A hand-held pressure algometer (Wagner Force Ten
™
 FDX 50 
Compact Digital Force Gage, Wagner Instruments, CT, USA) with a 1 cm
2
 flat rubber tip 
was used to quantify mechanical nociceptive threshold (MNT) in kilograms of force 
(kgf). Pressure was applied perpendicularly to three landmarks in a randomized sequence 
for each sow: 1) middle of cannon on the hind limb (Cannon), 2) 1 cm above the 
coronary band on the medial hind claw (Medial claw), and 3) 1 cm above the coronary 
band on the lateral hind claw (Lateral claw; Figure 3.2). The randomized landmark 
sequence was repeated in triplicate on the right hind limb followed by the same sequence 
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repeated in triplicate on the left hind limb. The application rate for all sows on all 
landmarks was approximately 1 kgf/second. The maximum force applied was 10 kgf for a 
10 second period. When a limb withdrawal response was observed, pressure was 
immediately removed, and the peak pressure representing the MNT was recorded. 
 
Thermal nociception threshold test 
A total of 12 sows were tested using the thermal nociceptive threshold (TNT) test 
immediately followed the MNT test. The TNT measured the latency for a sow to 
withdraw her hind limb in response to precise, focused radiant heat stimulation. The TNT 
test procedures using the analgesia meter were adapted from Tapper and colleagues. 
(2013). The analgesia meter (IITC Plantar Analgesia Meter, IITC Life Science Inc., 
Woodland Hills, CA, USA) was set at a constant 80 % beam intensity; emitting 200C. 
Thermal measurements were taken in triplicate 1 cm above the coronary band on the 
lateral claw of the right hind limb, followed by the left hind limb (Figure 3.2). Once the 
machine was 7.62 cm from the landmark the thermal stimulus was activated. The latency 
for the sow to withdraw her limb in response to the stimulus was then recorded. To 
prevent tissue damage a 20 second maximum duration was set, after which the analgesia 
meter automatically turned off. 
 
Statistical analysis 
 Data collected was initially tested for normality using PROC Univariate in SAS 
9.3 (SAS Inst. Inc., Cary, NC). Both thermal and mechanical nociception data were not 
normally distributed; therefore data were analyzed with PROC Glimmix using a gamma 
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distribution. Results did not differ from the Mixed procedure and since the measures were 
continuous, both thermal and mechanical nociceptive data were fit to the Mixed model in 
SAS. A P value of < 0.05 was considered significant and PDIFF was used to determine 
differences between days, replicates and landmarks. Thermal nociceptive and mechanical 
nociceptive data were analyzed separately. 
To assess differences between days over the landmarks on the lame and sound 
limbs, a model including the main effects of landmark (medial claw, lateral claw or 
cannon bone), replicate (first, second or third completion of landmark order), trial, 
landmark order, leg (defined as either the left or right hind limb) and the 3-way 
interaction of day*limb status*landmark (limb status defined as either lame or sound) 
was used. A separate code was used to analyze round, trial and limb induced. This model 
included the main effects of replicate, landmark, round, trial, LMorder (order of 
anatomical landmark application), leg and the interactions of day*limb status and 
day*landmark. To assess differences between replicates a separate code was used, this 
model included the main effects of replicate, landmark, trial, LMorder, leg, and the 
interaction of replicate*landmark and day*limb status*landmark. Sow within trial*day, 
sow within trial*round and landmark order within day were fitted as random effects for 
all 3 codes. A repeated measures statement of replicate within round*day*landmark*limb 
status was also used for all 3 codes.  
The thermal nociceptive model included the main effects of replicate, round, leg 
and the two-way interaction of day*limb status to determine the differences between days 
for the lame and sound limb. Trial was not measured as the TNT test was only conducted 
during trial 2. A random statement of sow within day and sow within round was used. A 
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repeated measures statement of replicate within round*day*limb status was used. Least 
Square Means provided estimates, standard error, and p values for variable interactions 
and effect comparisons. A P value of < 0.05 was considered significant and PDIFF was 
used to determine differences. 
For both MNT and TNT tests, lameness had not resolved by D+6. Hence, we 
compared the baseline (D-1) values for round 1 and round 2 by limbstatus to confirm that 
the sound leg remained sound and the lame leg became sound during the wash-out 
period. For the MNT test day*limbstatus*landmark was used to determine differences 
between the 2 days (round 1 D-1 and round 2 D-1) within landmarks for the lame and 
sound limb. Similarly, limbstatus*day was used for the TNT test.  
To determine differences between rounds of induction for 3 days over 3 
landmarks for the lame hind limb, the interaction of round*day*limbstatus*landmark was 
used.  
 
RESULTS 
Nociception tests 
Mechanical nociceptive threshold (MNT) test  
There were no differences observed when lameness was induced in the right- or 
left-hind limb (5.37 ± 0.20 kgf vs. 5.15 ± 0.21 kgf; P = 0.34) or between the first and 
second trial (5.04 ± 0.23 kgf vs. 5.48 ± 0.23 kgf; P = 0.16). Differences were observed 
between the first and second rounds within trial (5.52 ± 0.2 kgf vs. 5.00 ± 0.21 kgf; P = 
0.04).  
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When comparing pressure over the 3 days, pressure tolerated by the lame limb 
decreased for all 3 landmarks (P < 0.05) between D-1 and D+1. Pressure tolerated by the 
sound limb increased for all 3 landmarks between D-1 and D+1 (P < 0.05). For the lame 
limb on D+6, more pressure was tolerated on D+6 compared to D+1, but was still 
different than D-1 (Table 3.1).  
Since values had not returned to sound phase levels on D+6, the D-1 round 1 and 
D-1 round 2 were compared for the hind limbs. When comparing the lame limb, 
differences were observed at all 3 landmarks (P < 0.0012; Figure 3.3). When comparing 
the sound limb, differences were not observed for the cannon and lateral claw (P > 0.08), 
however the medial claw differed (P = 0.013; Figure 3.4). Because of differences 
between rounds for the lame limb, further assessment was done within all landmarks, 
over 3 days comparing round 1 and round 2. Results revealed no significant differences 
(except for the cannon bone on D-1) between round 1 and round 2 over the 3 days (P > 
0.05; Table 3.2). 
When comparing the 3 replications within the 3 landmarks, less pressure was 
tolerated on the first replication for the cannon bone and lateral claw compared to the 
second replication (P < 0.05). However, there was no difference in pressure tolerated by 
the sow for these 2 anatomical locations between the second and third replications (P > 
0.05; Figure 3.5). 
Thermal nociceptive threshold (TNT) test 
There were no differences observed when lameness was induced in the right- or 
left-hind limb (9.48 ± 0.83 sec vs. 9.95 ± 0.83 sec; P = 0.68) or between the first and 
second rounds of induction (8.90 ± 0.82 sec vs. 10.53 ± 0.83 sec; P = 0.18).  
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When comparing thermal sensitivity over the 3 days, thermal stimulation tolerated 
by the sound limb did not change (P > 0.05). However, the sows tolerated less heat 
stimulation on their lame limb on D+1 compared to D-1 (P < 0.05; Table 3.1). For the 
lame limb on D+6, more thermal stimulation was tolerated on D+6 compared to D+1, but 
was still different than D-1 (Table 3.1). 
Since values had not returned to sound phase levels on D+6, D-1 (round 1) to D-1 
(round 2) days were compared. The lame limb was observed to resolve lameness prior to 
the second round (Figure 3.5). The sound limb increased thermal tolerance entering round 
2 compared to the beginning of round 1 (Figure 3.5).  
When comparing the 3 replications, the sows tolerated more thermal stimuli on 
the first replication compared to subsequent replications (P < 0.04). There was no 
observed difference in tolerance of the thermal stimuli between the second and third 
replication (Figure 3.6; P = 0.89).    
 
DISCUSSION 
Mechanisms of nociception 
Nociception may be defined as the “physiologic component of pain processing 
involving the transduction, transmission and modulation of signals generated by 
stimulation of peripheral nociceptors” (Lamont, 2008). Primary sensory neurons located 
in outlying tissues relay mechanical, chemical and thermal input from these sites to the 
dorsal horn of the spinal cord. Type Aβ-fiber myelinated sensory neurons are low-
threshold mechanoreceptors involved in tactile perception while unmyelinated C-fibers 
and thinly myelinated Aδ-fibers transduce nociceptive and thermal stimuli (Costigan and 
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Woolf, 2000). Aδ-fibers can further be subdivided into 2 classes, type I and type II 
nociceptors. Type I nociceptors respond to mechanical and chemical stimuli and have 
relatively high heat thresholds, however these nociceptors will sensitize to heat stimuli 
when the tissue is injured. Type II Aδ nociceptors have a lower thermal threshold but a 
high mechanical threshold (Basbaum et al., 2009). Type C fibers are reactive to heating 
and cooling, low threshold mechanical stimulation, as well as to some algogenic 
substances (Almeida et al., 2004).  
Mechanical nociceptive threshold (MNT) test 
In our study, sows had a decreased MNT over all 3 landmarks on the lame limb 
on D+1 compared to D-1, indicating that the tool differentiated between sound and lame 
states. Interestingly, the minimum and maximum amount of pressure applied to the lame 
limb over the 3 days did not differ and ranged between 0 and 10 kgf. The mechanical 
nociceptive threshold (MNT) is the minimum pressure that produces a response, and a 
lower threshold would correspond to increased pain sensitivity experienced by the sow 
being lame. Pressure algometry has been used in human studies to distinguish between 
painful and non-painful states (Giesbrecht and Battie, 2005; Tunks et al., 1995). Use of 
the pressure algometer to measure MNTs in healthy patients found that pain sensitivity 
measurements were reliable between consecutive testing days (Nussbaum and Downes, 
1998) and had good inter-rater and test-retest reliability (Tunks et al., 1995). There have 
been several studies using mechanical nociception tests to quantify painful and non-
painful states using lameness as a model in sheep (Ley et al., 1989), dairy cattle (Dyer et 
al., 2007) and most recently in lame sows (Tapper et al., 2013; Nalon et al., 2013). These 
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studies concluded that the mechanical nociceptive tests were able to quantify decreased 
mechanical thresholds when animals were in painful lameness states.  
Interestingly in this study, the cannon location was considered the control 
anatomical site and the expectation was that no pressure changes would have been 
recorded due to pain sensitivity. Anatomical investigation by Karriker and colleagues 
(2013) reported that an injection of meat marking dye remained localized in the distal 
interphalangeal joint space, though future studies to determine possible circulatory levels 
of amphotericin B in the animal should be conducted. Findings from our study are 
consistent with Tapper and others (2013) who observed a decrease in pressure tolerated 
on the cannon landmark following lameness induction. If interested in a control the 
authors recommend considering other anatomical site locations on the lame limb or using 
the sows’ sound day data as the control. 
In our experimental design we utilized 3 days, D-1 (sound phase), D+1 (most 
lame phase) and D+6 (resolution phase). These time points were modeled after Karriker 
and colleagues (2013) who tested sows in sound and lame states on D-1, D+1, D+5 and 
D+7 using an embedded force plate and GAITFour pressure mat to validate an 
amphotericin B induced transient lameness’s model. These researchers concluded that 
sows had not resolved lameness by D+5 but had by D+7. Results of the current study, 
using pressure algometer, indicated that sows were resolving lameness but had not 
returned back to D-1 levels for both sound and lame limbs by D+6. Furthermore, when 
sows began round 2 (D-1) they tolerated less pressure on the same lame limb suggesting 
resolution may not fully occur until after day 13 (D-1 of round 2). These results were 
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surprising as Tapper and colleagues (2013) found no differences between baseline values 
when comparing multiple trials of the MNT test.  
To assess differences between rounds, we compared landmarks over all 3 days 
between lame limbs for round 1 and round 2. This analysis evaluated the limb entering 
induction for each round (LH in round 1 compared to RH in round 2 or RH in round 1 
compared to LH in round 2) to assess differences between lame hooves pre-induction. 
Although not significant, many of the MNTs were lower during round 2 than in round 1. 
One possible explanation for this is that the sows viewed the application of the pressure 
algometer as an aversive experience and acquired learned avoidance response as the 
study continued, therefore decreasing MNTs in round 2. However, if there was aversion 
to the tool, a linear relationship including significant decreases in all landmarks between 
rounds would be expected. Therefore, aversion to the mechanical tool could be possible, 
but it is not likely the cause of the decreased threshold during round 2.  
Another explanation for the threshold decreases between rounds was due to tissue 
injury caused by the induction model. Tissue injuries are more sensitive to pain increase 
(hyperalgesia) and those usually associated with non-noxious sensations evoke pain 
(allodynia; Andrew and Greenspan, 1999). Whay and colleagues (1998) assessed the 
nociceptive thresholds of 42 sound- and 53 dairy cows displaying hind-claw lameness. 
Cows found to have a unilateral hind-claw lameness (n=42) were re-evaluated at 28 days 
after lameness treatment. The lame cows had lower nociceptive threshold (P < 0.001) 
compared to the sound cows on day 1 and also at retesting on day 28 (P < 0.001). The 
authors concluded that lame cows were in a hyperalgesia state. Similarly, Nalon and 
colleagues (2013) assessed mechanical nociception threshold on the metatarsi and 
59 
 
 
metacarpi of all sow limbs to determine if hyperalgesia occurred with naturally occurring 
lameness. Two tools were used, one being a hand-held probe and the other being a limb-
mounted wireless actuator. Twenty-eight pregnant sows were investigated, of which 14 
were moderately lame and 14 were not lame. Results showed that mechanical thresholds 
were lower in limbs affected by lameness compared to normal limbs (12.84 ± 0.84 N vs. 
14.89 ± 0.51 N; P < 0.05). The authors concluded that lame sows had lower mechanical 
thresholds in the lame limbs, revealing local sensitization to noxious stimuli 
(hyperalgesia). Therefore, for future studies, the authors of the present study recommend 
adding additional data collection points between D+6 and the beginning of the second 
round of induction to provide a better view of the lameness resolution phase and possible 
hyperalgesia.  
In this study, 3 replications for the 3 landmarks were performed. Interestingly, the 
first replication for the cannon bone and lateral claw tolerated less pressure than 
subsequent replications. A possible explanation for less pressure tolerated on the first 
replication could be that the sow was startled from the initial contact on these 2 
landmarks, however, if a true startle response had occurred one would expect differences 
in all 3 landmarks. To limit a possible startle response, future studies using the pressure 
algometer should consider desensitizing the sow to this touch and pressure by spending 
time palpating the area of application. Similar to the research done by Nalon and 
colleagues (2013), use of a wireless tester could clarify if a startle response is due to the 
human interaction or the application of the algometer. Results of this research showed the 
hand-held probe yielded lower MTs than the wireless actuator (P < 0.001; 14.53 ± 0.94 
vs. 11.17 ± 0.90 N) for lame limbs in sows. The authors noted that using the probe 
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possibly results in a higher predictability of the tool application due to the sows’ ability to 
see the operator approaching the limb and react faster. Furthermore, refinement on the 
number of replications needed per landmark to be tested should be considered.  
Thermal nociceptive threshold (TNT) test 
In the current study, sows did not show differences over the 3 days when the limb 
was sound, however they tolerated less thermal stimulation on D+1 compared to D-1. 
Interestingly, the minimum and maximum amount of thermal stimulation tolerated by the 
lame limb over the 3 days did not differ and ranged between 0 and 20 sec. The thermal 
nociceptive threshold (TNT) test measures latency for a withdrawal response to precise, 
focused radiant heat. Tapper and colleagues (2013) evaluated pain sensitivity in sows 
using the TNT test when in sound and lame states when provided analgesic drugs. The 
authors reported that the TNT test detected differences between all treatment groups on 
the sound phase treatment day and was therefore not an effective test. The authors noted 
that residual water from cleaning each leg may have altered the conduction during the 
testing which therefore might explain possible differences between their research and the 
current study.  
In the current study, the lame limb was beginning to show resolution by D+6. 
Further data analysis in this study showed that when sows began the second round they 
tolerated more thermal stimulation on the sound limb but there was no difference for the 
lame limb, indicating that lameness had resolved prior to the second round induction. 
Similarly to the mechanical nociception threshold test, it is recommended to add 
additional data collection points between D+6 and the beginning of the second round to 
provide a more accurate view of lameness resolution when using this lameness model.  
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In this study sows tolerated more thermal heat on the first- compared to the 
second- and third replication. It could be speculated that sows are experiencing 
hyperalgesia similar to what was discussed for the pressure algometer. Hyperalgesia can 
be measured by comparing the difference in latencies to thermal nociception between a 
control and injured condition (Galbraith et al., 1993). Previous research using rats and 
mice have quantified that thermal sensitivity can distinguish pain sensitivity and quantify 
hyperalgesia (Chen et al., 1999; Hargreaves et al., 1988).  A secondary consideration is 
that the heat damaged the tissue, therefore decreasing the tolerance of heat after the first 
replication. To assess heat damage, terminal studies could be completed to evaluate cell 
damage at the testing site. Other methods include testing other heat sensitivity tools. 
Thermal sensitivity using a laser technique has been developed by Herskin and 
colleagues (2009) who validated a laser-based method to measure thermal nociception in 
group-housed pigs. Two experiments observed behavioral responses toward cutaneous 
nociceptive stimulation from a computer-controlled CO2-laser beam applied to the caudal 
part of the metatarsus on the hind legs or the shoulder region of gilts. Increasing the 
power output led to decreasing latency to respond (moving, lifting or kicking leg; P < 
0.001) when testing the hind limbs. Increasing the power output led to gradually 
decreasing latency to respond (moving shoulder, moving body, muscle twitching, rubbing 
shoulder; P < 0.0001) when testing the shoulder. The authors concluded that behavioral 
responses to nociceptive cutaneous laser stimulation are a valid non-invasive measure of 
nociception in group housed gilts. Use of the laser-based method has also been validated 
for use in dairy cattle (Herskin et al., 2003; Veissier et al., 2000). Herskin and colleagues 
(2003) evaluated a laser-based method to measure thermal nociception in dairy cows. 
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Increasing the power output decreased latencies to respond (P < 0.01); therefore, 
behavioral responses to a laser stimulus seem to be a valid measure of nociception in 
dairy cows. 
In the current study, the thermal test utilized only one landmark (lateral claw) 
because of application restrictions when sows were in the gestation stall. The authors 
suggest refinement on the number of landmarks and the number of replications per 
landmark to be tested. Finally, in the present study, thermal testing always took place 
after mechanical testing. Future studies should assess both nociceptive tools separately to 
diminish possible residual effects of the mechanical test on the thermal test.  
In conclusion, these results support the use of both TNT and MNT tests as 
assessment tools for detecting changes in pain sensitivity of sows experiencing transient 
lameness. Both tools detected a decrease in mechanical and thermal thresholds between 
sound and most lame phases indicating their potential use in the laboratory as well as for 
diagnosing lameness pain sensitivity and treatment interventions on farm. However, 
further research should be conducted with these tools to assess the resolution of lameness 
when using this lameness model.  
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Table 3.1 Comparison of days (D-1, D+1 and D+6) for the sound and lame hind limb 
using the mechanical nociception threshold (MNT) (kgf)
 1 
and thermal nociception 
threshold (TNT) tests (sec) 
1
Mechanical Nociception Threshold test (kgf) 
  Day
4 
Limb status
2 
Landmark
3 
D-1 D+1 D+6 
Sound Cannon bone 6.58 ± 0.30
a 
6.91 ± 0.30
ab 
7.57 ± 0.30
b 
 Medial claw 6.10 ± 0.30
a 
6.96 ± 0.30
b 
7.47 ± 0.30
b 
 Lateral claw 5.51 ± 0.30
a 
6.35 ± 0.30
b 
6.68 ± 0.30
b 
Lame Cannon bone 7.03 ± 0.30
a 
3.77 ± 0.31
b 
4.33 ± 0.30
b 
 Medial claw 7.34 ± 0.30
a 
0.95 ± 0.31
b 
2.08 ± 0.30
c 
 Lateral claw 6.60 ± 0.30
a 
0.92 ± 0.31
b 
1.66 ± 0.30
b 
2
Thermal Nociception Threshold test (sec) 
Sound Lateral claw 10.25 ± 0.86
a
 9.87 ± 0.89
a
 11.60 ± 0.87
a
 
Lame Lateral claw 11.99 ± 0.86
a
 5.02 ± 0.89
b
 9.55 ± 0.87
c
 
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
Thermal nociception threshold (TNT) test used to quantify the latency in seconds for a 
sow to withdraw her hind limb in response to radiant heat stimulation (sec). 
2
Status of limb being measured; either sound or lame. 
3
Three landmarks used for MNT test: Cannon landmark defined as middle of cannon on 
the hind limb, Medial claw defined as1 cm above the coronary band on the medial hind 
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claw, Lateral claw defined as 1 cm above the coronary band on the lateral hind claw. 
TNT test measurement on lateral claw of the hind limb 1 cm above the coronary band. 
4
 D-1 (Sound phase, 1 d pre-induction), D+1 (Most lame phase, 1 d post-induction), and 
D+6 (Resolution phase, 6 d post-induction) days. 
ab
Within a row, means without a common superscript differ (P < 0.05). 
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Table 3.2 Comparison of round 1 and round 2 for the lame hind limb on days D-1, D+1 
and D+6 using the mechanical nociception threshold (MNT
1
) (kgf) test to assess 
differences in pressure tolerance over the 3 landmarks.  
 
 
 
 
 
 
 
 
 
 
 
 
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
 D-1 (Sound phase, 1 d pre-induction), D+1 (Most lame phase, 1 d post-induction), and 
D+6 (Resolution phase, 6 d post-induction) days. 
3
Three landmarks used for MNT test: Cannon landmark defined as middle of cannon on 
the hind limb, Medial claw defined as1 cm above the coronary band on the medial hind 
  Round of induction
4 
Day
2 
Landmark
3 
1 2 
D-1 Cannon bone 7.61 ± 0.37
a 
6.44 ± 0.37
b 
 Medial claw 7.36 ± 0.37
a 
7.31 ± 0.37
a 
 Lateral claw 6.92 ± 0.37
a 
6.26 ± 0.37
a 
D+1 Cannon bone 4.02 ± 0.37
a 
3.52 ± 0.37
a 
 Medial claw 1.04 ± 0.37
a 
0.86 ± 0.37
a 
 Lateral claw 1.11 ± 0.37
a 
0.73 ± 0.37
a 
D+6 Cannon bone 4.50 ± 0.36
a 
4.17 ± 0.38
a 
 Medial claw 2.06 ± 0.36
a 
2.14 ± 0.38
a 
 Lateral claw 1.52 ± 0.36
a 
1.85 ± 0.38
a 
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claw, Lateral claw defined as 1 cm above the coronary band on the lateral hind claw. 
TNT test measurement on lateral claw of the hind limb 1 cm above the coronary band. 
4
Round was defined as the first or second induction of lameness within trial 
ab
Within a row, means without a common superscript differ (P < 0.05). 
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Figure 3.1 Schematic depiction of a trial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sows randomly assigned to left- or right-hind limb for Round 1 induction 
Sows repeat cycle after 7-d wash-out period 
(Round 2 induction on the opposite hind limb)  
 
 
 
 
 
 
D-1 (Sound phase) 
Collected data 
D0 (Induction of lameness) 
No data collection 
  
D+1 (Most lame phase) 
Collected data 
  
D+6 (Resolution phase)  
Collected data 
  
12 Sows enrolled 
Handling/Tools/Facility acclimation (~10 d) 
Completion of Round 2 
Sows were removed from the study 
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Figure 3.2 Mechanical nociception threshold
1
 landmark schematic. 1= Middle of the 
cannon on the hind limb; 2= 1 cm above the coronary band on the lateral hind claw; 3 = 1 
cm above the coronary band on the medial hind claw. Thermal nociception threshold
2
 test 
utilized the lateral hind claw only.  
 
 
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
Thermal nociception threshold (TNT) test used to quantify the latency in seconds for a 
sow to withdraw her hind limb in response to radiant heat stimulation (sec). TNT test 
measurement on lateral claw of the hind limb 1 cm above the coronary band. 
 
 
 
 
 
1 
2 
3 
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Figure 3.3 Mechanical nociception threshold (MNT
1
) test comparison of round 1 (R1) 
and round 2 (R2) D-1 days for each of the landmarks (cannon bone, medial claw and 
lateral claw
2
) on the lame limb to determine sows resolved lameness prior to second 
round of induction.   
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
Three landmarks used for MNT test: Cannon landmark defined as middle of cannon on 
the hind limb, Medial claw defined as1 cm above the coronary band on the medial hind 
claw, Lateral claw defined as 1 cm above the coronary band on the lateral hind claw.  
3
P-values (P < 0.05) represent differences between rounds (R1 and R2) within a 
landmark.  
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Figure 3.4 Mechanical nociception threshold (MNT
1
) test comparison of round 1 (R1) 
and round 2 (R2) D-1 days for each of the landmarks (cannon bone, medial claw and 
lateral claw
2
) on the sound limb to determine if sows remained sound on their sound limb 
prior to round 2 lameness induction
3
. 
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
Three landmarks used for MNT test: Cannon landmark defined as middle of cannon on 
the hind limb, Medial claw defined as1 cm above the coronary band on the medial hind 
claw, Lateral claw defined as 1 cm above the coronary band on the lateral hind claw.  
3
P-values (P < 0.05) represent differences between rounds (R1 and R2) within a 
landmark.  
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Figure 3.5 Mechanical nociception threshold (MNT
1
) test comparing differences 
between the first (1), second (2) and third (3) replicate for each of the MNT landmarks 
(cannon bone, medial claw and lateral claw
2
) over all days.   
  
1
Mechanical nociception threshold (MNT) test used to quantify mechanical nociceptive 
thresholds (MNTs) in kilograms of force tolerated by the sow on the lame and sound limb 
(kgf). 
2
Three landmarks used for MNT test: Cannon landmark defined as middle of cannon on 
the hind limb, Medial claw defined as1 cm above the coronary band on the medial hind 
claw, Lateral claw defined as 1 cm above the coronary band on the lateral hind claw.  
ab
Within a landmark, means without a common superscript differ (P < 0.05). 
 
75 
 
 
Figure 3.6 Thermal nociception threshold (TNT
1
) test comparison of round 1 (R1) and 
round 2 (R2) D-1 days for the lame and sound limbs to determine if sows resolved 
lameness on their lame limb and remained sound on their sound limb prior to the second 
round induction
2
.  
 
1
Thermal nociception threshold (TNT) test used to quantify the latency in seconds for a 
sow to withdraw her hind limb in response to radiant heat stimulation (sec). TNT test 
measurement on lateral claw of the hind limb 1 cm above the coronary band. 
2
P-values (P < 0.05) represent differences between rounds (R1 and R2) within the lame 
or sound limb.  
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Figure 3.7 Thermal nociception threshold (TNT
1
) test comparing differences between the 
first (1), second (2) and third (3) replicate using the thermal nociceptive threshold test 
(seconds stimulus tolerated) over all days.  
 
1
Thermal nociception threshold (TNT) test used to quantify the latency in seconds for a 
sow to withdraw her hind limb in response to radiant heat stimulation (sec). TNT test 
measurement on lateral claw of the hind limb 1 cm above the coronary band. 
ab
Means without a common superscript differ (P < 0.05). 
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ABSTRACT 
Lameness has been ranked as the third most common reason for culling sows, 
comprising 15% of the culls marketed in the U.S. Currently; producers assess sow 
lameness using subjective evaluation, which have been shown to be variable in their 
application. Objective empirical tools to measure sow lameness on farm are required. 
Therefore, the purposes of this study were to evaluate the embedded force plate and the 
GAITFour gait analysis walkway system as objective assessment tools to discriminate 
between sound and lame phases in multiparous sows. Twenty-four mixed parity 
crossbred sows were anesthetized and injected with Amphotericin B in the distal 
interphalangeal joint of both claws of one hind hoof to induce transient lameness. 
Kinematic data was collected on D-1, D+1 and D+6 relative to induction (D0). For the 
embedded force plate, weight distributions on each hoof were collected. Gait analysis 
measures collected were stride time (defined as the time (sec) between 2 successive 
footfalls by the same hoof), stride length (defined as the distance (cm) between 2 
sequential footfalls from the same hoof), maximum pressure (defined as the greatest 
amount of weight (kg) placed on a single hoof) and stance time (defined as the duration 
of time (sec) the sensors were activated by a hoof in a single stride). For the embedded 
microcomputer-based force plate system weight placed on the induced hoof decreased on 
D+1 when compared to D-1 (P < 0.0001). For the GAITFour
®
 pressure mat gait analysis 
walkway system, stride time increased on D+1 for all hooves, stride length decreased on 
D+1 compared to D-1 and maximum pressure placed on the induced hoof decreased on 
D+1 compared to baseline levels (P < 0.05). Stance time increased for all sound hooves 
on D+1 compared to D-1 (P < 0.05). In conclusion, the embedded force plate and 
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GAITFour walkway system all demonstrated differences for mature sows during sound 
and most lame phases indicating promise as objective tools for use on farm.  
 
Key Words: force plate, gait analysis, lameness, pain, swine 
 
INTRODUCTION 
Lameness has been defined by Merriam-Webster (2013) as “having a body part 
and especially a limb so disabled as to impair freedom of movement.” Locomotor 
disorders can be associated with neurological disorders, hoof or limb lesions, mechanical-
structural problems, traumas, or metabolic and infectious diseases (Smith, 1988; Wells, 
1984). The United States Department of Agriculture (USDA; 2007) reported that 
lameness was the third most common reason for culling gilts and sows from the breeding 
herd (15.2%), following old age (36.6%) and reproductive failure (26.3%). With ~15% of 
pigs being removed from the breeding herd, this in turn  affects the economical return to 
the industry (Stalder et al., 2004), worker morale (Deen and Xue, 1999) and the 
individual pigs well-being (Anil et al., 2009). Different methodologies have been 
employed to quantify lameness. Numerical rating- and visual analog scoring systems 
have been reported to be highly subjective with varying degrees of inter- and intra- 
observer correlation (Main et al., 2000; O’Callaghan et al., 2003; D’Eath, 2012). In a 
study by Main and colleagues (2000), 600 finishing pigs were scored on a 6-point 
numerical scale based on severity of lameness; a score of 0 represented no observed 
abnormalities whereas a score of 5 characterized a severely lame pig. Two observers who 
were familiar with the scoring system had a 94% lameness score agreement. Nineteen of 
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these previously scored pigs were then scored by 7 unfamiliar observers. The proportion 
of scores identical between unfamiliar and familiar observers ranged from 26 to 53% 
indicating the score test was relatively unreliable when used by observers unfamiliar with 
the tool. Similarly, D’Eath (2012) found that inter-observer reliability for classifying 
minor locomotor anomalies improved with more experience, however the farm manager 
consistently scored fewer animals as lame than the other observers. If the farm personnel 
become less sensitive to lameness, it may go undetected. Espejo and colleagues (2006) 
also found prevalence of locomotion scores collected on 5,626 dairy cows were 3.1 times 
lower on average when estimated by the herd managers on each farm relative to other 
observers.  
In comparison, kinematic analysis tools could be used to objectively quantify 
differences in weight distribution and gait characteristics when determining animals’ 
lameness status. Assessing and categorizing lameness severity in sows is a challenge due 
to modern housing systems which limit opportunities for gait assessment; therefore, static 
measurement tools have been developed to evaluate weight distributions. Pastell and 
colleagues (2008) developed a system used for automatic detection of leg problems while 
cows stood in milking robots. The authors concluded that monitoring changes in weight 
distribution continuously could detect leg problems, including lameness, and that cows 
with injured legs put less weight on the affected limb. On U.S. swine farms the majority 
of gilts and sows are housed in stalls limiting their movement. Sun and colleagues (2011) 
designed a micro-embedded force plate system that could be fitted in a standard stall. The 
tool was designed to record weight distributions. Karriker and colleagues (2013) created 
an amphotericin B-model to induce transient lameness in sows. The authors used two 
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tools, which included the micro-embedded force plate system to validate their induction 
model and reported promising preliminary weight changes over sound and lame states.  
Producers may also determine lameness states when relocating gilts and sows 
between production phases (Anil et al., 2009). Gait analysis systems have been used to 
assess chickens (Corr et al., 2003), dogs (Evans et al., 2005) and dairy cattle (Flower et 
al., 2005; Kotschwar et al., 2009). More recently, Karriker and colleagues (2013) used a 
GAITFour
®
 walkway sensor system to collect preliminary ratio data on again validating 
the previously mentioned amphotericin B model of induced lameness. Again, this tool 
indicated promise. However, both the embedded force plate system and the GAITFour
®
 
walkway sensor system have not been objectively validated for sows to determine their 
sensitivity for detecting sows when in sound and lame states. Therefore, the objectives of 
this study were to validate the embedded force plate and the GAITFour gait analysis 
walkway system as objective quantitative assessment tools to discriminate between sound 
and lame phases in multiparous sows. 
 
MATERIALS AND METHODS 
The project was approved by the Iowa State University Institutional Animal Care 
and Use Committee. The experiments were conducted over two trials, trial one occurred 
from July to August, 2011 and trial two from October to November, 2011. The 
investigators established humane endpoint criteria such that any sow that progressed to 
non-weight bearing lameness by 12 h and did not approach water by 12 h or feed by 48 h 
were removed from the study and humanely euthanized.  One sow was removed in trial 2 
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during the second round prior to lameness induction because she was unable to stand for 
complete data collection of the force plate but was not euthanized. 
 
Animals and housing 
A total of 24 (220.15 ± 21.23 kg) open, clinically normal, mixed-parity, crossbred 
sows were purchased from a producer in Iowa. To avoid confounding injury due to 
aggression, each sow was housed individually in concrete pens providing 5.1 m
2
 and a 
0.6 m deep concrete ledge along the rear wall of the pen where sows were fed. A rubber 
mat (2.4 m length x 2 cm height x 1.4 m width) was provided for comfort. Pens were set 
up in two rows with a central aisle and allowed for nose to nose contact between sows. 
Sows had ad libitum access to water via one nipple water drinker (Trojan 
Specialty Products Model 65, Dodge City, KS) that was positioned over a grate. Sows 
were hand-fed in their home pens, receiving 2.3 kg of feed in the morning and 0.46 kg in 
the afternoon. On each data collection day, the morning ration was given in the test stall 
housing the embedded force plate to facilitate standing behavior and any remaining ration 
was given in the home pen. Feed was composed of ground corn, soybeans, and nutrients 
formulated according to Swine NRC guidelines with no antimicrobials. A total of 6.8 ml 
(15 mg) of Matrix (Intervet/Schering-Plough, Milsboro, DE) was added to the morning 
ration daily to prevent estrus cycle initiation. Facilities and sows were inspected by 
caretakers at 0730 and 1530 daily. 
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Induction of lameness 
 Feed and water was withheld 18 h and 1 h respectively prior to anesthesia to 
reduce vomiting and aspiration risk. All sows were restrained in a standing position using 
a pig snare and then anesthetized using Xylazine (4.4 mg/kg; Anased
®
, Lloyd 
Laboratories, Shenandoah, IA, USA), Ketamine HCl (2.2 mg/kg; Ketaset
®
, Fort Dodge 
Animal Health, Wyeth, Madison, NJ, USA), and Tiletamine HCl (4.4 mg/kg; Telazol
®
, 
Fort Dodge Animal Health, Wyeth, Madison, NJ, USA) administered intramuscularly. 
Dosages were based on recommendations by Jean and Anderson (2012). Palpebral reflex 
were  tested to confirm insensibility following anesthesia administration. After 
insensibility was established, the claws on the assigned hoof were washed with water to 
remove obvious fecal contamination, scrubbed for 3 min with iodine based surgical scrub 
(Operand
®
, Aplicare Inc., Branford, CT, USA) using 10 x 10 cm sterile gauze pad, and 
rinsed with 70% isopropyl alcohol until no evidence of the surgical scrub remained. After 
cleaning, 10 mg amphotericin B (X-gen Pharmaceuticals, Inc., Big Flats, NY, USA) were 
injected into the distal inter-phalangeal joint (intra-articular space) of both claws in the 
assigned hoof (Karriker et al., 2013). Throughout anesthesia, respiratory rate (measured 
by number of chest elevations resulting from inspiratory effort over 15 s), and rectal 
temperature were monitored every 15 min until sows returned to a standing posture 
unaided.  
 
Experimental design 
Sows were acclimated to the facility, tools and handling for approximately 10 d 
prior to study commencement. All sows were included in the treatment and control data 
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such that they were compared to themselves before and after induction. The experimental 
design was a 3(days) x 2(hoof) factorial arrangement and the sow was the experimental 
unit. This experimental design provided robust control of intra- and inter-animal 
variations in behavioral responses and limited the number of animals required. Sows 
randomly allocated to one hind hoof for first lameness induction. Three days were 
compared, D-1 (Sound phase, defined as 1 d pre-induction), D+1 (Most lame phase, 
defined as 1 d post-induction) and D+6 (Resolution phase, defined as 6 d post-induction) 
and two hind hooves: left hind vs. right hind. The treatment days of D-1, D+1 and D+6 
were selected based on previous experience with the amphotericin B lameness induction 
model for (Karriker et al., 2013). Trial was defined as either trial 1 which included sows 
1-12 or trial 2 which included sows 13-24. Round was defined as the first or second 
lameness induction within trial. After completion of the first round, sows were given a 7-
d rest period and then the procedures were repeated with the opposite hind hoof induced 
(Figure 4.1) for the second round.  
 
Embedded microcomputer-based force plate system  
The embedded microcomputer-based force plate system was positioned under a 
standard gestation stall with a metal feeder at the front in which trickle feeding was 
performed to facilitate a standing posture (Sun et al., 2011; Figure 4.2). The embedded 
microcomputer-based force plate system measured 1.5 m x 0.57 m x 0.11 m (length x 
width x height) and comprised 4 load cells, one for each hoof. Each load cell had 6.4-mm 
thick aluminum plating and measured 0.76 m x 0.28 m (length x width). A bar was 
positioned centrally along the length of the force plate measuring 153.7 cm x 2.2 cm 
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(length x width) and was 10.2 cm above the aluminum plating. This was used to separate 
the left and right load cells for the front and hind hooves. This modification was designed 
to limit the ability of the sow to place more than one hoof on an individual load cell. Each 
load cell was coated with non-slip epoxy. The embedded force plate system was 
calibrated for prior to the beginning of the study using 68 kg weights and during the study 
was accurate to 0.45 kg. Weight distribution for each of the 4 hooves was collected twice 
per sec for a total of 15 min on each of the 3 data collection days.  
 
GAITFour
 ®
 pressure mat gait analysis walkway system 
Gait was assessed using a GAITFour gait analysis walkway system and associated 
hardware/software (Figure 4.3). To facilitate the desired speed and pattern of movement 
needed for footfall analysis, a technician encouraged the sow to walk in a continuous 
closed loop track that measured 45.4 m x 1 m (length x width) covered with clean gray 
carpeting. In one straight section of the track, a pressure mat measuring 4.3 m x 0.91 m 
(length x width) with a 0.76 m (width) active space was located under the protective 
carpet. The pressure mat utilized 13,824 sensors and had a 120 Hz sampling rate. Sows 
were walked across the pressure mat to acclimate to the desired speed and pattern of 
movement needed for footfall analysis. Gait analysis measures collected were stride time 
(defined as the time (sec) between 2 successive footfalls by the same hoof), stride length 
(defined as the distance (cm) between 2 sequential footfalls from the same hoof), 
maximum pressure (defined as the greatest amount of weight (kg) placed on a single 
hoof) and stance time (defined as the duration of time (sec) the sensors were activated by 
a hoof in a single stride). Each sow was required to complete three quality readings 
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(walks) each data collection day. A reading was considered acceptable if the sow did not 
hesitate, stop, or run across the walkway and if at least two complete footfall cycles (all 
four hooves) registered in the software. The quality footfall data was saved to the 
GAITFour software program. Walks were assessed by 2 trained observers for validation 
of the above parameters and to assign each hoof to the footfall pattern.   
 
Statistical analysis 
All data were evaluated for normal distribution before analysis by using the 
PROC UNIVARIATE procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Both the 
embedded force plate data and the GAITFour data were found to be normally distributed. 
The MIXED procedure in SAS was used to analyze the differences in weight distribution 
and gait characteristics over the three days for the 4 hooves. A P value of < 0.05 was 
considered significant and PDIFF was used to determine differences. 
The embedded force plate model included hoof induced (right or left hind hoof), 
day, leg (defined as the hoof that the measurement was taken on; left front [LF], right 
front [RF], left hind [LH], right hind [RH]), the leg by day interaction, trial and round. 
Sow within trial*day and sow within a trial*round were fitted as random effects.   
The GAITFour analysis model included day, round, trial, leg (defined as the hoof 
the gait measurement was taken on; left front [LF], right front [RF], left hind [LH], right 
hind [RH]), hoof induced, the leg by day interaction and walk (defined as the first, second 
or third quality reading across the pressure mat). Sow within trial*day and sow within 
trial*round were fitted as random effects, walk within day was fitted as a repeated effect.  
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The embedded force plate and the 4 GAITFour measures (stride time, stride 
length, maximum pressure and stance time) each utilized 3 separate MIXED models. One 
algorithm to assess distributions between the 4 hooves when RH lame, and one algorithm 
to assess differences between the 4 hooves when LH lame. For these 2 algorithms, hoof 
induced was removed from the model to assess differences between hooves when either 
left or right hind lame. A third algorithm was used to assess the fixed effects of round, 
trial and hoof induced; this included the fixed effect of hoof induced that assessed all 4 
hooves regardless of LH or RH induction.  
Both the embedded force plate and the GAITFour measure of maximum pressure 
did not detect lameness resolution for the induced hoof by D+6. Hence, we compared D-1 
for round 1 to the D-1 for round 2 for each of the tools. This was done for both RH and 
LH hooves when RH or LH lame. Two separate algorithms were used to distinguish 
between a RH and a LH induction. These algorithms were used to confirm that the sound 
hoof remained sound and the lame hoof became sound during the rest period. For both 
the GAITFour maximum pressure and embedded force plate, the interaction of leg by day 
was used to determine differences among hooves between the round 1 and round 2 D-1 
data collection days.  
 
RESULTS 
Embedded microcomputer-based force plate system 
For the embedded force plate system, no differences were observed between left- 
and right-hind hoof inductions (P = 0.93; Table 4.1) or between first and second rounds 
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of induction (P = 0.52; Table 4.2). There were differences (P = 0.005; Table 4.3) when 
comparing sows enrolled in the first-and second trial.  
When comparing weight distributions over the 3 days, weight placed on the 
induced hind hoof decreased on D+1 compared to D-1 (P < 0.0001; Table 4.4). Weight 
placed on the sound hind hoof increased on D+1 compared to D-1 (P< 0.0005; Table 
4.4). On D+6, sows were starting to show resolution (Table 4.4).  
Since sows did not return to D-1 levels on D+6, the D-1 data from round 1 and 
round 2 were compared for induced and sound hooves separately. No differences in 
weight bearing were observed between round 1 and round 2 D-1 data collection days for 
the lame or sound hind hoof (P > 0.46; Figures 4.4 and 4.5) indicating that the embedded 
force plate detected lameness resolution prior to the second round induction.  
GAITFour pressure mat gait analysis walkway system 
For the GAITFour gait analysis walkway system, there were no differences 
between left or right-hind hoof inductions for stride length (P = 0.71) or maximum 
pressure (P = 0.73; Table 4.1). There was an increase in stride time (P = 0.01) when the 
right hind was induced lame, and an increase in stance time (P = 0.01) when the left hind 
hoof was induced lame (Table 4.1). No differences were observed between rounds of 
induction for stride length, maximum pressure and stance time measures (P > 0.07; Table 
4.2). Stride time decreased during round two (P = 0.04; Table 4.2) when compared to 
round 1. No differences were observed between the first and second trial of sows for 
stride time, stride length, and stance time (P > 0.14). However, trial 2 sows displayed less 
maximum pressure placed on a hoof compared to trial 1 sows (P = 0.0006; Table 4.3). 
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When comparing gait characteristics over the 3 days, stride time increased on 
D+1 compared to D-1 (P < 0.05) and returned to D-1 levels by D+6 (Table 4.5) for all 
hooves. Stride length decreased on D+1 compared to D-1 (P < 0.05) and returned to D-1 
levels on D+6 for all hooves except RF when RH lame (Table 4.5). Maximum pressure 
placed on the induced hoof decreased on D+1 compared to D-1 (P < 0.05). When RH 
lame, maximum pressure on the induced hoof returned to D-1 levels by D+6, however 
when LH lame, maximum pressure did not return to D-1 levels by D+6 (Table 4.5). 
Stance time for the induced hooves did not change from D-1 to D+1 (P > 0.05; Table 
4.5), however all other non-induced hooves increased stance time on D+1 compared to 
D-1 (P < 0.05).  
For the induced hoof, the measures of stride time, stride length and stance time all 
returned to D-1 levels by D+6 (Table 4.5). However, for maximum pressure, weight 
placed on the induced hoof did not return to D-1 levels by D+6 when LH was induced 
lame. Therefore D-1 days from round 1 and 2 were compared. When LH lame, there was 
no difference between the round 1 and 2 D-1 data collection days for the LH (38.97 ± 
1.77 vs. 37.45 ± 1.78 kg; P = 0.55) or RH (37.56 ± 1.77 vs. 34.82 ± 1.78 kg; P = 0.28). 
Therefore, maximum pressure resolved prior to the start of the second round.  
 
DISCUSSION 
When assessing the embedded force plate, sows placed less weight placed on their 
lame hoof on D+1 compared to D-1, indicating that this tool was able to detect changes in 
weight distribution. These findings are in agreement to Corr and colleagues (2003) whom 
reported that an animal will distribute less weight on the limb(s) that are painful or 
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structurally unsound. Karriker and colleagues (2013) validated the used of an 
amphotericin B induced lameness model in sows. The authors used the embedded force 
plate similar to what was used in this study. The authors concluded that the model did 
create a transient lameness in sows but their work did not validate the objectivity of the 
embedded force plate as a lameness detection tool, nor did they establish a diagnostic 
threshold. Diagnostic thresholds have been used in veterinary science to assess animals of 
known negative and positive diagnosis. Use of the diagnostic test with these kinematic 
tools would allow researchers to evaluate the true lameness status of the animal against 
the results of the kinematics tools to determine if the tool is picking up sows with a 
known lameness status. Future work with this concept could include evaluating sows 
with this lameness induction model as well as assessing sows with naturally-occurring 
lameness on farm. 
For future work using this embedded force plate system consideration on 
determining the minimum amount of time needed to detect sound and lame states for gilt 
or sow would be encouraged. The current methodology of 15-mins could be impractical 
on farm. In addition, the tool should be tested using infectious and non-infectious 
lameness, rather than a chemically induced synovitis to quantify its accuracy for 
detecting lameness. From these data sets an algorithm based on percentage of change 
could be created. These algorithms that are converted into practical decision trees would 
enable producers to identify and treat lame gilts and sows in “real time” prior to the onset 
of clinical signs.  
In addition, considering relationships between the embedded force plate system 
and the GAITFour tool, identifying potential correlations between weight distribution and 
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gait characteristics would be useful. This would allow producers to “rank” which 
measures produce similar results to aid in their diagnosis of on farm lameness, limiting 
the number of tools that would need to be used. Interestingly, the range decreased for the 
amount of weight allocated to the lame limb on the embedded force plate when assessing 
the sound and most lame phases. When sound, the induced hoof tolerated between 30 and 
60 kg (minimum and maximum); when lame the induced hoof ranged between 15 and 45 
kg. For the GAITFour tool, maximum pressure on the induced hoof on the sound day 
ranged from 25 to 60 kgs, while when lame ranged from 10 to 50 kg. Stance time on the 
induced hoof on the sound day ranged from 0.15 to 0.40 sec, while when lame ranged 
from 0.15 to 0.60 sec. For the measure of stride time, when sound, the induced hoof 
ranged between 0.30 and 0.60 sec; when lame the induced hoof ranged between 0.30 
and1.0 sec. For the measure of stride length, when sound the induced hoof ranged 
between 70 to 120 cm; when lame the induced hoof stride ranged between 50 and 100 
cm. These ranges provide insight to the sensitivity of the tool when in sound and lame 
phases. 
When using the GAITFour tool, differences were observed between left and right 
hind hoof inductions for stride- and stance time, and between first and second rounds of 
induction for stride time. In addition, maximum pressure differed between trials because 
sows in trial 1 were heavier than sows in trial 2. Although, these differences were very 
small, future research could include creating algorithms for stride time, length and 
duration to identify lameness based on percentage of change before a sow is identified as 
needing attention, based on the farm protocol.  
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In the present study, when using the GAITFour, sows had an increased stride 
time, decreased stride length, and a decreased maximum pressure on the lame hoof on 
D+1 compared to D-1. These findings are in agreement to work conducted by Flower and 
colleagues (2005) who examined how hoof pathologies influenced kinematic gait 
measures in dairy cows. When compared to cows with sole ulcers, the normal cows 
walked faster (1.11 ± 0.03 vs. 0.90 ± 0.05 meters/sec), had shorter stride duration (1.26 ± 
0.03 vs. 130.0 ± 0.05 sec) and longer strides (139.5 ± 2.1 vs. 130.0 ± 3.2 cm). The 
authors concluded that gait differences were most likely due to cows placing less weight 
on the affected hoof. Results for maximum pressure also agree with Karriker and others 
(2013) who observed decreased maximum pressure on the lame hoof. Karriker and 
colleagues did not observe changes in stride time or stride length before or after lameness 
induction. This may have been because ratios were used comparing all 4 hooves within a 
treatment day. The use of ratios suit the purpose of identifying the lame hoof out of the 4 
hooves if variations in gait are assumed to only affect the hoof induced, however they 
cannot detect an overall change. The aim of Karriker and colleagues work was to validate 
a chemical induced lameness model rather than demonstrating how objective this tool is 
for lame and sound phases; hence the use of ratios to detect a single lame limb is 
beneficial. The present study was able to compare days within each hoof and was able to 
depict a uniform decrease in stride length and increase in stride time for all 4 hooves from 
sound to most lame phases.  
Observed results of the current study showed stance time for the lame hoof did 
not change over the 3 days. Results indicated all non-lame hooves increased stance time 
on D+1 compared to D-1 identifying possible compensation for a slower stride. These 
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results were unexpected as Karriker and colleagues (2013) observed that sows had a 
decreased stance time on the lame hoof compared to the sound hoof when validating their 
lameness model. Flower and colleagues (2005) found similar results to the current study 
showing cows used support from 3 legs during 42% of the gait cycle compared to 18% 
for normal cows. To assess changes in stance time, possible future research in sows 
should assess percentage of gait utilizing support by the non-lame hooves. 
The present experimental design utilized 3 days, D-1 (sound phase), D+1 (most 
lame phase) and D+6 (resolution phase). These time points were modeled after Karriker 
and colleagues (2013), although these authors evaluated on D-1, D+1, D+5 and D+7 for 
determining validation of their model and noted lameness resolution on D+7 respectively. 
Results for the GAITFour measure of maximum pressure and the embedded force plate 
indicated that sows were resolving lameness but had not returned back to sound phase 
levels on the induced hoof by D+6. However, all sows resolved lameness prior to 
beginning the second round. Therefore, future studies using this synovitis model, should 
consider more data collection time points to recognize the resolution of lameness when 
using these kinematic tools.  
In conclusion, findings from our study indicate that the embedded force plate 
reported weight changes in mature sows standing still in a stall when sound and most 
lame indicating that it can be considered as an objective tool. The GAITFour walkway 
system for stance time did not change over the 3 days for the lame hoof and therefore, 
further work should investigate changes in stance time as it relates to the non-lame 
hooves to assess if it is a sensitive and objective measure. However, maximum pressure, 
stride length, and stride time all demonstrated differences for mature sows during sound 
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and most lame phases and therefore, this tool can be considered objective when sows are 
in motion. Both of these tools show immense promise for use on farm.  
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Table 4.1 LSMeans for right- and left-hind hoof (±SE) over all 3 data collection days 
when sows were induced lame for the embedded force plate and GAITFour gait analysis 
walkway system.  
 Hoof induced
3 
 
Tools Right Left P-Value
4
 
Embedded force plate (kg)
1 
54.93 ± 1.06 54.79 ± 1.06 0.93 
GAITFour analysis
2 
Stride time (sec) 0.49 ± 0.01 0.51 ± 0.01 0.01 
Stride length (cm) 88.34 ± 1.88 88.08 ± 1.88 0.71 
Maximum pressure (kg) 47.38 ± 1.06 47.25± 1.06 0.73 
Stance time (sec) 0.33 ± 0.01 0.34 ± 0.01 0.01 
1 
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 
GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall 
parameters using pressure activated sensors.  Maximum pressure is the largest amount of 
weight place on a single hoof. Stride length is the distance between 2 consecutive 
footfalls from the same hoof. Stance time is the time between 2 consecutive footfalls of 
the same hoof when the sensors are activated (pressure is applied to the mat). Stride time 
is the time between 2 consecutive footfalls of the same hoof. 
3 
Hoof induced is either the right- or left-hind hoof made lame 
4
 P value of < 0.05 was considered significant. Values represent the average weight 
placed on a hoof when right or left hoof is induced. 
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Table 4.2 LSMeans for first or second round of lameness induction (±SE) over all 3 data 
collection days for sows on the embedded force plate and GAITFour gait analysis 
walkway system. 
 Round
3 
 
Test 1 2 P-Value
4 
Embedded force plate (kg)
1 
54.29 ± 1.04 55.25 ± 1.04 0.52 
GAITFour analysis
2 
Stride time (sec) 0.51 ± 0.01 0.50 ± 0.01 0.04 
Stride length (cm) 88.89 ± 1.88 87.53 ± 1.88 0.07 
Maximum pressure (kg) 47.54 ± 1.06 47.09 ± 1.06 0.22 
Stance time (sec) 0.34 ± 0.01 0.33 ± 0.01 0.09 
1
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 
GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall 
parameters using pressure activated sensors.  Maximum pressure is the largest amount of 
weight place on a single hoof. Stride length is the distance between 2 consecutive 
footfalls from the same hoof. Stance time is the time between 2 consecutive footfalls of 
the same hoof when the sensors are activated (pressure is applied to the mat). Stride time 
is the time between 2 consecutive footfalls of the same hoof. 
3 
Round defined as first (1) or second (2) induction of lameness 
4
 P value of < 0.05 was considered significant. Values represent average weight placed on 
a hoof during either first or second round of induction 
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Table 4.3 LSMeans for first and second trial of sows (±SE) over all 3 data collection 
days when sows were induced lame for the embedded force plate and GAITFour gait 
analysis walkway system. 
 Trial
3 
 
Tools 1 2 P-Value
4 
Embedded force plate (kg)
1 
57.08 ± 1.06 52.46 ± 1.06 0.005 
GAITFour analysis
2 
Stride time (sec) 0.52 ± 0.02 0.49 ± 0.02 0.35 
Stride length (cm) 89.79 ± 2.61 86.62 ± 2.61 0.40 
Maximum pressure (kg) 51.52 ± 1.48 43.12 ± 1.48 0.0006 
Stance time (sec) 0.33 ± 0.01 0.34 ± 0.01 0.14 
1 
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 
GAITFour (CIR Systems, Inc., Havertown, PA) pressure mat measures footfall 
parameters using pressure activated sensors.  Maximum pressure is the largest amount of 
weight place on a single hoof. Stride length is the distance between 2 consecutive 
footfalls from the same hoof. Stance time is the time between 2 consecutive footfalls of 
the same hoof when the sensors are activated (pressure is applied to the mat). Stride time 
is the time between 2 consecutive footfalls of the same hoof. 
3 
Trial defined as first (1) or second (2) group of sows. Trial 1= sows 1-12; Trial 2 = sows 
13-24. 
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4
 P value of < 0.05 was considered significant. Values represent the average weight 
placed on a hoof during the first or second trial.  
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Table 4.4 LSMeans (±SE) for weight distribution (kg) on hooves with the embedded 
force plate system when sows were induced lame with amphotericin-B
1
. 
 
1 
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2 
Left or Right hind hoof induction. 
3 
LF = Left front hoof, RF = Right front hoof, LH = Left hind hoof, RH = Right hind 
hoof. 
4
 D-1 (1 d pre-induction), D+1 (1 d post-induction), and D+6 (6 d post-induction). 
ab 
Within a row, means without a common superscript differ (P < 0.05)
  
Day
4
 
Hoof induced
2 
Hoof
3 
D-1 D+1 D+6 
LH LF 61.56 ± 1.14
a 
66.25 ± 1.15
b 
65.41 ± 1.14
b 
 
RF 66.18 ± 1.14
a 
66.19 ± 1.15
a 
66.38 ± 1.14
a 
 
LH 46.37 ± 1.14
a 
30.63 ± 1.15
b 
34.89 ± 1.14
c 
 
RH 46.47 ± 1.14
a 
52.55 ± 1.15
b 
54.42 ± 1.14
c 
RH LF 61.58 ± 1.10
a 
65.38 ± 1.10
b 
64.94 ± 1.10
b 
 
RF 66.19 ± 1.10
a 
66.81 ± 1.10
a 
68.53 ± 1.10
b 
 
LH 44.54 ± 1.10
a 
54.57 ± 1.10
b 
53.46 ± 1.10
c 
 
RH 48.16 ± 1.10
a 
29.18 ± 1.10
b 
35.22 ± 1.10
c 
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Table 4.5 LSMeans for the GAITFour pressure mat gait analysis walkway system (±SE) 
when sows were induced lame with amphotericin-B
1
. 
  Day
7 
Hoof Induced
5 
Hoof
6 
D-1 D+1 D+6 
Stride time (sec)
1    
LH LF 0.46  ± 0.02
a 
0.57  ± 0.02
b 
0.50  ± 0.02
a 
  RF 0.46  ± 0.02
a 
0.57  ± 0.02
b 
0.49  ± 0.02
a 
  LH 0.46  ± 0.02
a 
0.59  ± 0.02
b 
0.50  ± 0.02
a 
  RH 0.46  ± 0.02
a 
0.59  ± 0.02
b 
0.51  ± 0.02
a 
RH LF 0.47 ± 0.02
a 
0.55 ± 0.02
b 
0.47 ± 0.02
a 
  RF 0.47 ± 0.02
a 
0.54 ± 0.02
b 
0.47 ± 0.02
a 
  LH 0.47 ± 0.02
a 
0.55 ± 0.02
b 
0.48 ± 0.02
a 
  RH 0.47 ± 0.02
a 
0.55 ± 0.02
b 
0.47 ± 0.02
a 
Stride length (cm)
2 
LH LF 92.60 ± 2.27
a 
81.65 ± 2.28
b 
89.90 ± 2.27
a 
  RF 92.41 ± 2.27
a 
81.82 ± 2.28
b
 89.60 ± 2.27
a 
  LH 92.72 ± 2.27
a 
81.70 ± 2.28
b 
90.09 ± 2.27
a 
  RH 92.77 ± 2.27
a 
81.24 ± 2.28
b 
90.50 ± 2.27
a 
RH LF 93.09 ± 2.14
a 
81.68 ± 2.16
b 
90.10 ± 2.16
a 
  RF 92.74 ± 2.14
a 
81.38 ± 2.16
b 
89.46 ± 2.16
c 
  LH 93.11 ± 2.14
a 
81.29 ± 2.16
b 
90.76 ± 2.16
a 
  RH 92.88 ± 2.14
a 
81.36 ± 2.16
b 
89.90 ± 2.16
a 
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Table 4.5 continued 
  Day
7
 
Hoof Induced
5 
Hoof
6 
D-1 D+1 D+6 
Maximum pressure (kg)
3
   
LH LF 57.73 ± 1.32
a 
55.83 ± 1.33
a 
57.82 ± 1.32
a 
  RF 56.90 ± 1.32
a 
57.59 ± 1.33
a 
57.48 ± 1.32
a 
  LH 38.21 ± 1.32
a 
30.46 ± 1.33
b 
34.85 ± 1.32
c 
  RH 36.19 ± 1.32
a 
42.46 ± 1.33
b 
41.47 ± 1.32
b 
RH LF 57.16 ± 1.32
a 
60.23 ± 1.34
b 
58.21 ± 1.34
ab 
  RF 56.73 ± 1.32
a 
54.52 ± 1.34
a 
56.23 ± 1.34
a 
  LH 38.71 ± 1.32
a 
43.50 ± 1.34
b 
41.79 ± 1.34
b 
  RH 37.27 ± 1.32
a 
28.72 ± 1.34
b 
35.42 ± 1.34
a 
Stance time (sec)
4 
LH LF 0.31 ± 0.02
a 
0.39 ± 0.02
b 
0.33 ± 0.02
a 
  RF 0.30 ± 0.02
a 
0.42 ± 0.02
b 
0.34 ± 0.02
a 
  LH 0.30 ± 0.02
a 
0.34 ± 0.02
a 
0.31 ± 0.02
a 
  RH 0.29 ± 0.02
a 
0.44 ± 0.02
b 
0.34 ± 0.02
c 
RH LF 0.31 ± 0.01
a 
0.40 ± 0.01
b 
0.33 ± 0.01
a 
  RF 0.31 ± 0.01
a 
0.37 ± 0.01
b 
0.31 ± 0.01
a 
  LH 0.30 ± 0.01
a 
0.42 ± 0.01
b 
0.32 ± 0.01
a 
  RH 0.30 ± 0.01
ab 
0.32 ± 0.01
a 
0.29 ± 0.01
b 
1 
Stride time defined as the time in seconds between 2 successive footfalls by the same 
hoof. 
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2 
Stride length defined as the distance in cm between 2 sequential footfalls from the same 
hoof. 
3 
Maximum pressure defined as the greatest amount of weight placed on a single hoof. 
4 
Stance time defined as the duration of time in seconds the sensors were activated by a 
hoof in a single stride. 
5 
Left or Right hind hoof induction. 
6 
LF = Left front hoof, RF = Right front hoof, LH = Left hind hoof, RH = Right hind 
hoof. 
7 
D-1 (1 d pre-induction), D+1 (1 d post-induction), and D+6 (6 d post-induction). 
ab 
Within a row, means without a common superscript differ (P < 0.05). 
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Figure 4.1 Schematic depiction of a trial.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sows randomly assigned to left- or right-hind hoof for Round 1 induction 
Sows repeat cycle after 7-d wash-out period 
(Round 2 induction on the opposite hind hoof)  
 
 
 
 
 
 
D-1 (Sound phase) 
Collected data 
  
D0 (Induction of lameness) 
No data collection 
  
D+1 (Most lame phase) 
Collected data 
  
D+6 (Resolution phase)  
Collected data 
  
12 Sows enrolled 
Handling/Tools/Facility acclimation (~10 d) 
Completion of Round 2 
Sows were removed from the study 
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Figure 4.2 Embedded force plate 
 
 
 
 
 
 
 
 
 
107 
 
 
Figure 4.3 GAITFour gait analysis walkway system
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Figure 4.4 Embedded force plate
1
 comparison of round
2
 1 (R1) and round 2 (R2) D-1 
days when right hind hoof lame to determine if tool detected resolution of lameness prior 
to round 2 induction for the left and right hind hooves
3
. 
 
1 
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011). 
2
Round defined as first (1) or second (2) induction of lameness 
3
P value of < 0.05 was considered significant. P values represent differences between 
round 1 and 2 sound phase days (D-1) for each the LH and RH hooves. 
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Figure 4.5 Embedded force plate
1
 comparison of round
2
 1 (R1) and round 2 (R2) D-1 
days when left hind hoof lame to determine if tool detected resolution of lameness prior 
to round 2 induction for the left and right hind hooves
3
.  
 
1
The Embedded Microcomputer Force Plate System was developed at Iowa State 
University to objectively identify sows that possess varying lameness severities (Sun et 
al., 2011).  
2
Round defined as first (1) or second (2) induction of lameness 
3
P value of < 0.05 was considered significant. P values represent differences between 
sound phase days (D-1) of round 1 and 2 for each the left and right hind hooves.  
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CHAPTER 5: GENERAL CONCLUSION 
With ~15% of pigs being removed from the breeding herd, this in turn  affects the 
economical return to the industry (Stalder et al., 2004), worker morale (Deen and Xue, 
1999) and the individual pigs well-being (Anil et al., 2009). Previous tools to qualify and 
quantify the degree of lameness have included numerical rating- and visual analog 
scoring tools. However, both of these tools have been reported to be highly subjective 
with varying degrees of inter- and intra- observer correlation (Main et al., 2000; 
O’Callaghan et al., 2003; D’Eath, 2012). Tools that have been used to detect pain in farm 
animals include nociceptive threshold tests, which use pressure or thermal stimulation 
onto the affected area (Dyer et al., 2007; Haussler and Erb, 2006; Tapper et al., 2013).  
The third chapter of the thesis was to determine if mechanical and thermal 
nociception tests were able to identify pain sensitivity due to lameness in multiparous 
sows when using a chemical synovitis model. The mechanical nociception threshold test 
was able to detect differences between sound and lame states, with decreased mechanical 
stimulation tolerated on D+1 compared to D-1. A decrease in mechanical threshold on the 
cannon landmark was unexpected because lameness was induced in the interphalangeal 
joint space of the claws. Previous work by Karriker and colleagues (2011) reported that 
Amphotericin B remains localized in the joint space and therefore a generalized 
sensitivity to pain further up the leg seems unlikely. Another result was that even on D-1 
of round 2, the pressure tolerated by each sow was lower compared to round 1 for the 
same sow. A possible explanation for these results is that the sow associated the pressure 
application aversively, even when in a sound phase, and responded with a learned 
avoidance response. Hence, as data collection days continued throughout these trials, 
111 
 
 
sows learned that the faster they withdrew their hoof, the faster the mechanical 
stimulation ceased. Due to the fact that a linear distribution was not observed, an aversion 
response to the tool though possible, is not likely. To mitigate any possible aversion 
response, future studies should consider adjusting the application methodology to 
decrease a possible response. Furthermore, if using this tool and method of lameness 
induction, it is recommended to add additional data collection days between D+6 and the 
beginning of the second round of induction to provide a precise time point for when 
lameness has fully resolved.   
The mechanical nociception threshold test employed 3 replications (replication 1, 
2 and 3) for the 3 landmarks (Canon bone, lateral- and medial claw) on each hind hoof. 
Interestingly, the first replication for the cannon bone and lateral claw tolerated less 
pressure than subsequent replications. Theoretically, less pressure tolerated on the first 
replication may be that the sow was startled from the initial contact on these 2 landmarks. 
Future studies using the pressure algometer should consider desensitizing the sow to this 
touch and pressure by spending time palpating the area of application. 
The thermal nociception threshold test similarly detected differences between 
sound and most lame phases in multiparous sows when using a chemical synovitis model, 
with less thermal stimulation being tolerated when in a lame phase. One limitation for the 
thermal nociception threshold test was that sows tolerated more thermal heat on the first- 
compared to the second- and third replication. It could be speculated that sows, learnt that 
the noxious stimuli is removed more quickly when they withdraw their hoof. A secondary 
consideration is that heat damaged the tissue on the application site, therefore decreasing 
the tolerance of heat after the first replication. To assess heat damage, terminal studies 
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could be completed to evaluate cell damage at the testing site. Other methods include 
testing other heat sensitivity tools; however consideration of type of tool, thermal 
intensity and temperature and anatomical location should be taken into account. In the 
current study, the thermal test utilized only one landmark (lateral claw) because of 
application restrictions when sows were in the gestation stall. The authors suggest 
refinement on the number of landmarks and the number of replications per landmark to 
be tested in future work. 
The fourth chapter evaluated a GAITFour gait analysis walkway system and an 
embedded force plate to detect lameness in multiparous sows when induced lame using a 
chemical synovitis model. The GAITFour gait analysis walkway system was able to 
detect differences between sound and most lame phases in the induced hoof for stride 
time, stride length and maximum pressure measures. Results for maximum pressure 
agreed with those found by Karriker and others (2013) who observed decreased 
maximum pressure on the injected hoof when validating a chemical synovitis model. 
Conversely, our stance time results were unexpected as the measures for the induced hoof 
did not change over the 3 treatment days. Results indicated all non-induced hooves 
increased stance time on D+1 compared to D-1 identifying possible compensation for a 
slower stride. To assess changes in stance time, future research in sows should assess the 
proportion of gait supported by the non-lame hooves.  
One of the limitations for the GAITFour gait analysis system was that when used 
with this model of lameness induction, differences were seen between left and right hind 
hoof inductions for stride- and stance time, and between first and second rounds of 
induction for stride time. Because these differences are small, future research for this tool 
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could include creating algorithms capable of identifying lameness based on percentage of 
changes within each gait characteristic and the consequential effects on the sow. 
Databases could then automatically identify sows whose percentage requires individual 
attention and possible treatment by the producer.  
When assessing the embedded force plate, sows decreased weight on their 
induced lame hoof (D+1 vs. D-1), indicating that this tool was also able to objectively 
detect changes. This was similar to results found by Karriker and colleagues (2013), who 
similarly observed sows shifted weight distribution off their lame hind hoof when 
validating a lameness induction model. Similar to the GAITFour tool, future research 
should be done to create algorithms capable of identifying and treat lame sows based on 
percentage of weight distribution.  
In conclusion, the use of mechanical and thermal nociception threshold tests can 
be considered objective tools to determine pain sensitivity when lame for multiparous 
sows when housed in a stall, using a transient-induced sow lameness model. The 
kinematic tools can be considered objective tools for assessing sow lameness when static 
(embedded force plate system) and in motion (GAITFour) using an induced transient-
induced sow lameness model.  These objective tools now must be applied on farm using 
both infectious and non-infectious lameness types to determine if lameness can be 
detected earlier, sows can be treated more effectively and sow productive lifetime and 
overall well-being can in turn be improved. 
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